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ABSTRACT          

 
 
 

 STUDIES TOWARDS THE DISCOVERY OF ANTIBACTERIAL NATURAL PRODUCTS AND THE 
DEVELOPMENT OF A NOVEL RUTHENIUM-CATALYZED HOMO DIELS-ALDER [2+2+2] 

CYCLOADDITION 
  

 
 
Tanner James Kettles       Advisor: 
University of Guelph, 2012      Professor W. Tam 
 
 
      
      The isolation and identification of the active constituents from an Allium sp. extract 

possessing antibacterial activity was undertaken. The plant material of interest was extracted, 

purified and screened for antibacterial activity against a Gram positive bacteria. Multiple trials 

were performed and the isolation was scaled-up repeatedly, overall three compounds 

potentially possess the observed activity. One compound was identified to yield the majority of 

activity, and a refined procedure for its purification was established. Initial characterization 

studies demonstrated the major isolate of interest is novel compared to other isolates from the 

Allium genus. 

 A ruthenium-catalyzed homo Diels-Alder [2+2+2] cycloaddition between 

bicyclo[2.2.1]hepta-2,5-diene and alkynyl phosphonates was also studied. The observed 

reactivity was found to be dependent on the presence of the phosphonate moiety. The 

cycloaddition was compatible with a variety of aromatic and aliphatic substituted alkynyl 

phosphonates providing the corresponding phosphonate substituted deltacyclenes in low to 

good yields (up to 88%). 
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1.1 Introduction 
 

Many compounds from nature’s diverse array have proven invaluable to society, and nature 

continues to be a great source of new compounds. The progress of civilization can be linked to 

advances in the understanding of the environment, and how to use the endless chemical 

resources produced by the living and inanimate components alike. The vast array of organic 

compounds composing and produced by living organisms (plants, microbes, arthropods, and 

animals) can be broadly defined as natural products.  

The use of natural products dates back thousands of years and includes applications in 

medicine, agriculture, and industry.1 Ancient civilizations have used extracts of naturally 

occurring compounds, particularly from plants, to generate useful materials such as medicine, 

dyes, toxins, and fuels among others. For most of history the majority of knowledge developed 

about natural products has been related to the understanding and classification of the medicinal 

uses of plants. 

The modern field of natural product chemistry has close ties to the rapid development of 

organic chemistry in the early 19th century.1 Research disciplines within this field include the 

discovery of new natural products, requiring the isolation and characterization of compounds 

from natural sources, and the synthesis of natural products.  

This thesis includes reports of two unique projects which can be generalized under the 

realm of natural product chemistry. The first project will describe studies towards the isolation 

and identification of a novel antibacterial agent from the leaves of a plant. The second is the 

development of new synthetic methodology generating highly functionalized substrates, which 

may be used as precursors for the synthesis of natural products or related derivatives. The 
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following introduction should provide an appreciation for the importance of natural product 

chemistry and the general approaches undertaken to seek discoveries in the aforementioned 

divisions of this discipline.  

1.2 Natural Products 

Natural products were crudely defined above as organic compounds derived from natural 

sources, the vast majority of these are secondary metabolites. Secondary metabolites are low 

molecular weight compounds (less than 2000 amu) that aren’t necessary for the organism’s core 

metabolic functions but often serve some other advantageous periphery role.2  A primary 

metabolite refers to compounds essential to the growth, development, reproduction and 

function of an organism, including amino acids, lipids, carbohydrates and nucleotides, among 

others.3 In plants primary metabolites include phytosterols, acyl lipids, nucleotides, amino acids 

and organic acids.4 At times the difference between primary and secondary metabolites may be 

blurred, so to a chemist the definition of natural products as small organic molecules from 

natural sources will suffice.  

1.2.1 Sources of Natural Products 

 

Useful and interesting natural products are produced from a variety of biological sources.  

One intriguing source is microorganisms, the ground breaking work by Louis Pasteur and Victor 

Babés in the late 19th century provided the first insights into the secretion of defensive 

chemicals by bacteria.5 Since then the field of microbiology has flourished and several 

compounds produced by bacteria and fungi have been isolated and have found commercial 

uses. A famous natural product developed from microbes is the antibiotic penicillin produced by 

the mould Penicillium sp., which after discovery by Fleming entered commercial production in 

the 1940s.6 Compounds isolated from microorganisms, particularly fungi, actinomycetes, and 
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certain bacteria genera have produced or been the basis of a large portion of antibiotic 

compounds, accounting for 77% of these products on the market between 1982-2002.7 Many of 

these antibacterial compounds belong to a few structural classes of molecules including β-

lactams, glycilcylines, and macrolides, among others, figure 1.1.  

 
Figure 1.1: Examples of antibiotic natural products derived from microorganisms 

The isolation of useful natural products has been demonstrated from higher order 

organisms, including extracts from mammalian tissues.8 Crude extracts such as cod-liver oils are 

commercially available and are taken as nutritional supplements. In medicine the majority of 

metabolites derived from animal sources are used for hormone therapy. Neurotransmitters such 

as epinephrine were isolated from mammalian adrenal glands as early as 1900.5 Other 

hormones such as adrenaline, dopamine, insulin, progesterone, and corticosterone have all 

been isolated and have played important roles in understanding human physiology as well as 

contributing to the development of treatments for associated medical disorders. Apart from 

hormones the isolation of a variety of vitamins and related cofactors has helped advance the 

biochemical understanding of mammalian metabolism.  

Organisms such as insects and related arthropods represent another remarkable source 

of unique natural products. In particular this group possesses great potential for the production 

of novel organic compounds based on the sheer size and diversity of species, there are almost 1 
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million known species and estimates suggest as many as four times this number may exist.9 The 

study of insect produced chemicals has had a particular focus on the wide array of defensive 

chemicals released by the different species, these include cytotoxins as anticancer compounds, 

neurotoxins for treatment of central nervous system disorders, as well antibiotic and antiviral 

peptides.10 The use of behaviour altering semiochemicals, such as pheromones, isolated from 

different arthropods as a means of pest management have been investigated and led to a 

variety of commercialized products.11 

The search for natural products produced from marine-based organisms has become a 

growing concentration of investigation. The environmental stimuli vary greatly in aquatic 

systems compared with those experienced by terrestrial organisms, thus it is not a surprise that 

many unique and structural fascinating natural products have been isolated from marine 

environments. Organisms responsible for the production of marine natural products include 

microorganisms, phytoplankton, algae, sponges, and molluscs, among others.12 A large variety 

of different molecular classes have been isolated and screened for biological activity.13 A class of 

potent antitumor compounds isolated from marine bryozoa, the bryostatins, have generated 

considerable interest from several synthetic groups recently.14  

It has been demonstrated above that natural products can be produced by a variety of 

different organisms, however historically there has been a considerable bias for products 

generated by plants. Ethnobotanical knowledge, the ease of extraction and cultivation, 

combined with accessibility all explain the considerable focus on plant-based natural products. 

Plants produce several structurally unique compounds, remarkably over a 100 000 low 

molecular mass natural products have been discovered.15 A few of the common classes of plant-

derived natural products include terpenoids, alkaloids, flavonoids, phenols and 
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phenylpropanoids, coumarins, stillbenes and pyrones.4 This diversity of compounds is believed 

to be related to the lack of immune systems within plants, the production of secondary 

metabolites is a means of defending against infection and predators.16 

It is clear that several types of organisms produce structurally unique small molecules 

and warrant the interest of natural product chemists. Due to the nature of the proposed 

research project, the discussions that follow for the remainder of this report will focus on 

natural products derived from plant species including their application, isolation, identification, 

and synthesis. 

1.2.2 Uses of Natural Products 

 

Natural products serve several roles in nature dependent on the needs of the source 

organism, and these roles are often beyond primary metabolism. Throughout history mankind 

has found ways to exploit these natural compounds in new and useful ways, early applications 

typically involved the entire source organism or a crude extract. Early uses focused on plants 

and moulds as crude medicines, as well as the production of dyes and toxins. Advances in the 

understanding of organic chemistry and technology allowed the study of natural products to 

evolve into a focused examination of the individual compounds isolated from natural sources.1 

Isolated compounds may be screened from a source to develop a biochemical profile or 

chemical fingerprint, an example is the understanding of metabolic pathways, however most 

natural products are uncovered in search of bioactivity. Bioactive compounds have found 

applications in industry, agriculture, and medicine, with the latter being the most significant 

focus of natural product research.  

  Much of modern medicine, particularly pharmaceuticals, has been developed through 

the study of natural products. Up until the 1800’s the treatment and prevention of diseases was 
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largely performed through the application of medicinal plants.3 The focus on isolates of 

individual compounds from plants and other organisms began with the isolation of morphine in 

1804. Other compounds such as aspirin, digitoxin, quinine and pilocarpine were all isolated 

natural products, and all became important medicines in the early stages of the pharmaceutical 

industry.17 Even with the growth of combinatorial and synthetic techniques within the medicinal 

chemistry community, natural products still serve a very important role in drug discovery. 

Natural products may serve as active pharmaceutical ingredients (API), as precursors to APIs, 

inspire synthetic analogues, as well as provide challenging targets to demonstrate new synthetic 

methodology.2  

 In an updated article Newman and Cragg review the role of natural products in the 

discovery of newly approved drugs from 1981- Jan. 2011.18 In this 30 year period the search for 

active small molecular entities within the pharmaceutical industry had a particular emphasis on 

the use of combinatorial chemistry and high throughput screening in order to generate lead 

compounds.18 An important concept to this approach of molecular design is the Lipinski Rule-of-

Five. This rule describes the ideal characteristics of a compound if it is to be administered as an 

effective oral treatment; the properties include: a molecular mass <500 amu, number of 

hydrogen bond donors <5, number of hydrogen bond acceptors <10, and an octanol-water 

coefficient <5.19 Molecules developed based by these methods were often much simpler in 

structure than natural products, which aren’t as readily obtained for screening in high 

throughput methods. This approach and a shift of focus to different disease targets has resulted 

in a decline in relative spending on natural product research by pharmaceutical firms over this 

period. 20 However,  natural products are still extremely important sources of new medicines.  
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 In their recent search for new compounds, medicinal chemists may have shunned 

natural products for a few reasons, the process of isolation and identification of new natural 

products can be costly and is generally time consuming, as well the structures can be quite 

complex and deviate from the aforementioned Rule-of-Five. Compared to combinatorially 

designed compounds natural products tend to have: 1) More single bonds, protonated amino 

and free hydroxyl groups, and fewer aromatic groups. 2) There is a great diversity of cyclic 

systems, which are often quite rigid. 3) Often several chiral centers and fewer rotatable double 

bonds are present.21 Despite these characteristics the test of time has demonstrated several 

natural products to be very effective medicines. Some examples of important natural product 

drugs are presented in figure 1.2. 

 

Figure 1.2. Examples of pharmaceuticals that are natural product isolates from plants  

 Galantamine 4 is an alkaloid that has been investigated since the 1950s as an 

acetylcholinesterase inhibitor, and has been used for the clinical treatment of Alzheimer’s 

disease.22 The compound has been isolated from various plants including the bulbs and flowers 

of snowdrop and daffodil species. Vincristine 5 is one of the vinca alkaloids that have been 

isolated from C. roseus (periwinkle). The vinca alkaloids are generally used as chemotherapeutic 

agents in cancer treatment; vincristine is specifically employed against acute leukemia, 

rhabdomyosarcoma, neuroblastoma and other lymphomas.23 Quinine 6 is another example of 
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an important drug isolated from a natural plant source. Quinine is also an alkaloid and is isolated 

from the bark of cinchoa trees; this compound was historically the main treatment of malaria up 

until the mid-20th century.24 These examples demonstrate the large diversity of polycyclic 

structures possessing different ring sizes, as well as the prominence of polar functional groups, 

heteroatoms and chirality that are often found in pharmaceuticals derived from plant natural 

products.  

In their analysis Newman and Cragg made some promising conclusions on the use of 

natural products and derivatives as new pharmaceuticals. Overall in the period examined new 

chemical entities were approved from the following sources: natural product (NP), including 

small molecules and larger biologically sourced compounds such as peptides and proteins- 21%, 

natural product derivative- 23%, natural product mimic (acts on biological acceptor of a NP)- 

12%, synthetic with natural product pharmacophore- 14%, and purely synthetic- 30%, figure 1.3. 

Even though the use of small molecule natural products as APIs is relatively minor (5% of total), 

the study of natural products including understanding their structure and biological activity is 

responsible for the development of 70% of drugs approved in the 30 year period analyzed.  The 

influence of natural products on drug discovery is even greater when specific therapeutic areas 

are analyzed, with anti-infective agents and anticancer drugs showing a larger proportion of 

natural product related compounds.18 
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Figure 1.3. Percentage of new chemical entities approved between 1981-2011 by source- 
adapted from Newman and Cragg 2012 18 

Natural products have and will continue to contribute to advances in drug discovery. 

These compounds provide great structural diversity, are typically small molecules, and being 

from natural sources many have drug-like properties (can be absorbed and metabolized).2 

Considering these qualities natural products can be used as new chemical entities, inspire the 

design of semi-synthetic and synthetic active agents, as well as being ideal targets to stimulate 

the creativity of synthetic chemists developing new methodology. It is therefore essential that 

new natural products are continually sought and evaluated on both chemical and biological 

mediums. It is believed the extensive collection of compounds produced in nature has barely 

been evaluated. Estimates suggest only 5-10% of plant species have been screened for 

bioactivity and reinvestigation of previously evaluated sources may provide even more leads.25 

Investigations of natural products from other sources are staggeringly lower, the relatively 

limited knowledge of the marine world offers great potential. Advances in genetics and 

microbiology will make screening of compounds from microorganisms much easier in the future; 

currently less than 1% microbial world has been evaluated.26 In order to better understand the 

search for new natural products, particularly those with biological activity, it is important to 

examine the methodology used to obtain and identify these compounds.  
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1.3 Discovery of New Natural Products 
 

The precise methodology applied for the discovery of new natural products will be 

dependent on the source organism of the compound. The extraction of organic compounds 

from plants requires different techniques than those from mammalian tissues. In all cases a 

generalized approach would involve organism collection, selection of the relevant compound 

source (entire organism, leaves, tissues, etc.), compound extraction, compound 

purification/isolation, and structural elucidation. The following discussions will highlight some of 

these techniques relevant to the isolation and identification of unknown compounds from 

plants. 

1.3.1 Isolation of Natural Products from Plants 

 

 In the search of new natural products the source plant may be selected for a number of 

reasons including: random screens, ethnobotanical knowledge, and the observation of biological 

activity in related species.27 Upon collection the plant material must be processed, the portion 

of interest is typically dried or ground in preparation for extraction. Both physical and chemical 

treatments can be used during the crude extraction of natural products. Extraction may involve 

stirring/sonicating in solvent, boiling, steam distillation, and the use of high pressures or super-

critical fluids.2 During extraction the use of varying solvent polarities and multiple repetitions will 

yield the largest variety of isolates. Following extraction the samples can be further purified with 

an appropriate chromatographic method.  

The method of monitoring the isolation process is dependent on the compound of 

interest. If the extraction was performed in search of a known compound, then the desired 

compounds should be available to use as standards. When isolating an unknown compound 
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from an extract with observed biological activity, then an activity-guided approach can be used. 

The appropriate screening method can be selected so only the fractions containing the 

compound of interest are carried through the entire extraction and isolation process.  

 A simple isolation of antibacterial compounds from plant leaves is presented in figure 

1.4. In this report Huang and co-workers select the leaves of Siraitia grossvenorii for screening 

based on ethnobotanical knowledge.28 The isolation involved refluxing dried leaves in ethanol 

and subsequent extraction with solvents of increasing polarity followed by silica gel column 

chromatography for purification. Nine individual compounds were isolated and screened against 

four common oral microbes, compounds 7 and 9 were found to possess the highest antibacterial 

activity. 

 

Figure 1.4: Isolation of antibacterial compounds from the leaves of Siritia grosvenorii 
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Another approach to the isolation of antibacterial compounds from a plant is 

highlighted in figure 1.5. The authors used the entire herb Plectranthus ernstii as source of 

compounds, this species had not been screened before, though antibacterial natural products 

have been isolated from other Plectranthus sp.29 The herb was dried and extracted with solvents 

of increasing polarity in a Soxhlet apparatus. The hexanes concentrate was further purified by 

vacuum liquid chromatography (VLC), this method has been previously employed for the 

purification of terpene mixtures from natural products.30 The VLC fractions were further purified 

by normal phase SPE followed by reverse phase SPE. The desired compounds were isolated from 

the appropriate SPE extracts by preparative TLC. Compounds 10-12 were tested for antibacterial 

activity against several strains of antibiotic-resistant S. aureus and selected mycobacteria 

species, 10 had the highest and broadest range of activity.  

 

Figure 1.5. Isolation of antibacterial terpenoids from the herb Plectranthus ernstii 

The preceding examples demonstrate some generalized approaches to the isolation of 

natural products from plants. The part of organism of interest (leaves, roots, etc.) or the entire 
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organism are first processed, and then extracted with solvent. In the first example the crude 

material was extracted by boiling ethanol and then serial solvent extraction, in the second the 

crude was extracted with organic solvents using a Soxhlet apparatus. After the initial extraction 

the material is generally purified further by chromatography. The process of purification may 

simply be the repetition of one method like column chromatography or the combination of 

multiple techniques.  It is desirable to use a recoverable chromatographic method such as 

preparative-HPLC, column chromatography, preparative-TLC, solid phase extraction, and size-

exclusion chromatography.2 The process of isolation often requires multiple techniques with 

successive purification of the fractions of interest.  

If the compound of interest exhibits a biological response then the purification process 

can be monitored using biological assays; Rios, et al. have reviewed several common methods 

from screening plant isolates for antimicrobial activity.31 If the desired isolate is a known 

compound or was previously isolated then purification may be monitored using chemical assays 

to compare with a standard compound. During purification if there is a negative screen the 

compound of interest may have not eluted, been destroyed or altered by the isolation 

conditions, exist in undetectable quantities or the positive screens had been a result of 

synergistic effect from multiple compounds, in all these cases re-evaluation of the employed 

methodology is likely required. The purity of isolates can be readily monitored by TLC, HPLC, and 

GC, once a high purity is achieved characterization can be undertaken.  

1.3.2 Characterization of Natural Products from Plants 

 

The characterization techniques used will be limited by the quantity and purity of 

available material; structural elucidation may include the use of NMR, MS, IR, UV-VIS and ideally 

x-ray crystallography. If the compound of interest is known the structure can be confirmed by 
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comparison of measured physical properties and spectral data to literature. To characterize an 

unknown compound some insights can be gained from compounds of either similar biological 

activity or isolates from a related species. A collection of 1D NMR (1H, 13C), 2D NMR (COSY, 

NOESY, HSQC, HMBC), and high-resolution mass spectral techniques can be used for structure 

determination. Confirmation of structure may involve x-ray crystallography and physical tests, as 

well as synthesis. Partial or total synthesis of new natural products allows the confirmation or 

revision of proposed structural assignments.32 

Early efforts towards elucidating the structures of natural products would involve 

decomposition of the compound into fragments, physical/chemical tests, and ultimately 

required synthesis for structural confirmation. Advances in technology have made a variety of 

spectroscopic techniques available to organic chemists; the development of NMR has 

particularly benefited natural product research. The majority of natural products are now 

characterized using a variety of 1D and 2D NMR techniques in conjunction with confirmation by 

mass spectrometry. Improvements in instrument, probe and experiment design now allow for 

highly resolved and sensitive analysis of only a few milligrams of isolated compound. In a recent 

review it was recommended that NMR experiments conducted for natural product 

characterization include 1D: proton and carbon, DEPT 135, and DEPT 90, as well as 2D: COSY, 

HSQC, HMBC, and NOESY or ROESY.33  

The application of 1D NMR to the structure determination of natural products allows 

general compound information to be quickly obtained. The shifts of observed resonances in 1H 

and 13C NMR provide a myriad of data including types of functional groups, amount of 

saturation, and insights into levels of oxidation, this data is typically sufficient to classify the type 

of compound.34 Comparison to similar compounds in literature or in databases, as well as the 
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use of structure elucidation software will further facilitate the characterization of an isolated 

compound.35  Beyond the collection of proton and carbon spectra Reynolds and Enríquez 

recommend the use of two different DEPT (distortionless excitation by polarization transfer) 

experiments.33 DEPT is a 13C experiment that allows the differentiation of quaternary and 

secondary carbons from primary and tertiary, providing more useful insight than simply the 

resonances of carbon atoms.36 The use of two DEPT experiments with different flip angles,  such 

as 135° and 90°, allows for the addition/subtraction of appropriate spectra to generate the 

individual carbon spectra of the primary, secondary and tertiary carbons within a molecule.  To 

better probe the intricacies of a compound’s molecular environment a series of 2D NMR 

techniques are required for the structural elucidation of natural products, a summary is 

presented in table 1.1. 

Table 1.1: NMR Experiments used for structural elucidation of natural products 

Experiment Coupling Correlation 
Use in structure 
determination 

COSY 1H-1H 
Coupling of geminal and 
vicinal protons (through-
bond) 

Backbone structure, atom 
linkages 

NOESY 1H-1H 
Interaction of protons <5 Å 
in distance (through-space) 

Stereochemistry, join related 
spin systems 

ROESY 1H-1H 
Interaction of protons <5 Å 
in distance (+)ve signals; 
artifacts (-)ve signals 

Stereochemistry, join related 
spin systems 

HSQC 1H-13C 
Coupling of attached 
protons and carbons 

Backbone structure, join 
related spin systems 

HMBC 1H-13C 
Coupling of protons to  
carbons separated by 2-3 
bonds 

Backbone structure, join 
related spin systems, 
stereochemistry 

INADEQUATE 13C-13C 
Coupling of adjacent 
carbons 

Backbone structure, join 
related spin systems 

 



17 
 

2D NMR is used to measure correlations between atoms within a molecule, these 

correlations may be homonuclear (1H-1H) or heteronuclear (13C-1H) in nature. COSY is the most 

common homonuclear coupling technique used in structural elucidation, it measures the 

through-bond or scalar coupling between protons. COSY signals are typically short-range, with 

geminal and vicinal hydrogens generating cross-peaks.37 TOCSY, total correlation spectroscopy, 

expands on the data provided by COSY experiments, and theoretically provides correlation 

information on all scalar-coupled protons in a spin system.38 These experiments aid in 

characterization by breaking the compound up into localized spin-systems, allowing the 

identification of protons closely bound to one-another. Insights into the linkage of these spin-

systems and stereochemical conformations are provided using NOESY or ROESY NMR 

experiments. In NOESY the magnitude of the nuclear Overhauser effect between two protons is 

measured, and a signal is only observed for protons that are < 5 Å apart.39 Thus NOESY cross 

peaks indicate protons that are close in space and can be used in the determination of 

stereochemistry. NOE signals tend to be affected by molecular size, some small and mid-sized 

compounds don’t readily provide useful NOESY spectra, this can be overcome through the 

technique ROESY.34 ROESY or rotating-frame NOESY provides all NOE signals as positive signals, 

and signals due to unwanted artefacts such as exchange peaks, spin diffusion, and TOCSY 

transfer peaks as negative signals, allowing easier interpretation relative to NOESY spectrum. 

ROESY sacrifices some sensitivity but provides clearer spectra over a wider-range of molecular 

weights. A less common, but still useful homonuclear experiment that measures 13C-13C 

correlation is INADEQUATE (incredible natural abundance double quantum transfer 

experiment). This technique provides cross peaks between adjacent carbons, it is useful for 

molecules with minimal proton signals but is severely limited by low sensitivity, and therefore 

requires large amounts of sample (> 10 mg).  In summary there are two essential 2D 
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homonuclear NMR experiments to perform when characterizing natural products: COSY or 

TOCSY- through bond 1H couplings and NOESY or ROESY- through space 1H couplings. 

A variety of heteronuclear 2D NMR techniques are also performed when characterizing 

natural products. HSQC (heteronuclear single quantum coherence) and HMQC both measure 

direct 13C-1H coupling, the former produces a 13C axis with singlet signals and is preferred to 

HMQC which has multiplet signals.40 All cross peaks observed in HSQC spectrum represent a 

proton attached to the appropriate carbon, this data in conjunction with knowledge from DEPT, 

COSY or TOCSY experiments should provide strong insights into the covalent backbone of the 

molecule. Another 13C-1H coupling experiment is HMBC (heteronuclear multiple-bond 

correlation), which measures the coupling of protons with carbons greater than one bond 

away.41 HMBC is useful for the determination of quaternary centres, and will provide further 

support for structure predictions elucidated from the other methods. Many literature reports of 

new natural products currently only report HMBC and not HSQC, however a combination of 

both techniques is desirable when determining all the 13C-1H correlations within a compound.33 

This is simply a short summary of the most common techniques employed for structure 

elucidation of natural products by NMR, several variations and combinations of these 

experiments can be employed. Furthermore each individual compound may require different 

techniques or approaches for structural determination based on its properties and the quantity 

of sample available. In general structure determination by NMR may occur as follows: 1) 1D 

spectra provide the types of functional groups, hybridization of carbons, areas of unsaturation, 

and the approximate molecular weight. 2) Couplings from COSY, HSQC can be used to group 

atoms in similar spin systems together for determination of the molecular backbone. 3) Related 

spin-systems can be linked with data from NOESY, HSQC, HMBC, and INADEQUATE.                             



19 
 

4) Stereochemistry can be assigned with data from NOESY and HMBC spectra. Spectral data may 

be compared to compound databases and related compounds present in literature to provide 

insights into the molecular structure. Any structural assignments should be supported with 

other data including MS, IR, UV-Vis, and x-ray crystallography (particularly for stereochemical 

assignments). Finally confirmation of structure of previously unknown compounds can be 

demonstrated with a synthetic equivalent.  

1.4 Synthesis of natural products 
 

The synthesis of natural products allows the confirmation of structural assignments, the 

development of natural product analogues, helps overcome supply issues of economically 

important molecules and provides a medium for organic chemists to showcase novel 

methodology. Thus it is no surprise that the isolation and characterization of new natural 

products has always been closely linked to their synthesis. The field of synthetic organic 

chemistry is so vast and full of accomplishments that only a brief introduction will be provided 

prior to focusing on the sub-disciplines most relevant to this thesis. For a more in-depth review 

several great books highlighting many accomplishments in natural product and organic synthesis 

have been written.42,43,44,45  

Synthetic chemists combine and rearrange atoms or simple molecules to construct 

larger and/or more complex molecules.43 This field of study can involve both inorganic and 

organic substrates, but synthetic organic chemistry will be the focus of proceeding discussions. 

Synthetic organic chemistry can be described as the application of synthetic methodology 

towards targets consisting of organic molecules, including natural products. The study of 

synthetic organic chemistry and natural product synthesis has a relatively brief but formidable 

history. It was stated above that modern natural product chemistry began in the early 19th 
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century with the isolation of morphine in 1803. In the same century the first chemical synthesis 

of a natural compound was reported, in 1828 urea was successfully synthesized by Wöhler 

starting from silver isocyanate.43 From this initial synthesis until the end of the Second World 

War, the field of natural product synthesis focused on small, and relatively simple compounds. 

Early syntheses were limited to the application of known methodology and usually started from 

precursors with chemical backbones similar to the target molecule. The goal of compound 

synthesis was typically to confirm the structure of the target molecules. Prominent syntheses 

from this era include glucose (1890), camphor (1903), tropinone (1917) and quinine (1944).43 

Modern synthetic organic chemistry rapidly developed in the 1950s; the work of two Nobel 

Laureates, R.B. Woodward (1965) and E.J. Corey (1990), greatly helped the advancement of the 

field. An important milestone was the development of a generalized approach for the planning 

of synthetic routes towards target molecules, known as retrosynthetic analysis.42 This new 

approach to synthetic planning, plus significant advances in organic chemistry including 

spectroscopic and chromatographic techniques, conformational analysis, and mechanistic 

understandings led to the exponential development of this field over the subsequent decades. 

 By the 1990s it was believed that any molecule could be synthesized, and the focus on 

synthetic planning became synthetic efficiencies. The modern challenge of natural product 

synthesis has been described as the production of “...large quantities of complex natural 

products with a minimum amount of labour and material expense.” 46 Baran attempted to 

answer this challenge in a review describing the qualities of an ideal synthesis.47   Synthetic 

pathways preferably have a small number of steps, strategic redox and construction reactions 

are favourable, whereas functional group and protecting group interconversions are to be 

avoided. Such demands require the constant development of new synthetic methodology. A 

recent trend is the development of efficient reactions with mild conditions or facile procedures, 
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examples include one-pot syntheses,48 organocatalysis,49 and the use of ambient reaction 

conditions.50 Cycloadditions are a well-established form of efficient synthetic methodology, 

however advances are still being made and are often showcased in the synthesis of natural 

products. 

1.4.1 Cycloadditions in natural product synthesis 

 

When designing an efficient synthetic pathway, reactions that can form multiple bonds 

at once are often desirable. Cycloadditions are a powerful method of bond formation, and offer 

a great strategy for the construction of the cyclic backbones at the core of many natural 

products.51 Cycloadditions may be promoted by heat, light, sonication, high pressure, transition 

metals and Lewis acids, typically 3- to 8- membered rings are generated.52 Some strategies are 

reaction specific, for example light is commonly used to promote [2+2] cycloadditions, whereas 

heat and Lewis-acids are often employed in Diels-Alder [4+2] cycloadditions. Transition metals 

catalyze a variety of cycloadditions and have received considerable interest for their ability to 

provide very high stereoselectivities and regiocontrol.52 The control of stereo- and 

regiochemistry in addition to the formation of multiple bonds simultaneously is ideal for natural 

product synthesis.  

 The ability to provide very specific control does somewhat limit the generality of 

cycloaddition methods. In natural products an array of sensitive functional groups or a sterically 

crowded environment may demand substantial experimentation and optimization to achieve 

the desired cycloaddition. Some applications of cycloadditions in natural product synthesis will 

be explored in the following discussion. 

 Nicolaou developed a novel photo-induced [2+2] cycloaddition for the total synthesis of 

biyouyanagin A, achieving complete stereochemical and regiochemical control.53 The compound 
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was evaluated for biological activity and demonstrated anti-HIV properties. The cycloaddition 

allowed a convergent approach to the synthesis, providing easy access to multiple synthetic 

analogues and enantiomers. After refining the method with model substrates, the authors 

achieved the desired cycloaddition in moderate yield but with complete regioselectivity and 

stereoselectivity, scheme 1.1.  

 

 

Scheme 1.1. Photochemical induced [2+2] cycloaddition for the synthesis of biyouyanagin A 

 Davies and Williams utilized a rhodium catalyzed [4+3] cycloaddition in their synthesis of 

5-epi-vibsanin, a polycylic natural product isolated from an aquatic plant.54 The reaction involves 

the formation of a rhodium-vinyl carbenoid complex from 17, then a [4+3] cycloaddition 

between diene 16 and the carbenoid generates a divinylcyclopropane intermediate. The 

intermediate subsequently undergoes a Cope rearrangement producing heptadiene 18, scheme 

1.2. The tricyclic core was assembled in nine more steps, followed by another seven for 

completion of the target compound 19. The [4+3] cycloaddition also demonstrated high 

enantioselectivity for the formation of other tri- and tetrasubstituted heptadienes, though yields 

did decrease for the targets containing quarternary centres.  

 
Scheme 1.2. Rhodium (II) catalyzed [4+3] cycloaddition for synthesis of 5-epi-Vibsanin E  
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 The past two examples demonstrated the use of photochemical and metal catalyzed 

cycloadditions for the construction 4- and 7-membered carbocycles, these ring sizes are not 

easily accessible, highlighting an advantage of cycloaddition reactions. A more classical 

cycloaddition is the [4+2] Diels-Alder cycloaddition for the formation of cyclohexenes. Jin uses 

this methodology to construct the bicyclic core of the anticancer agents superstolides A and B, 

under very mild conditions.55  Substituted 1,3-cylohexyldiene 20 and N – phenylmaleimide 21 

readily underwent a highly stereoselective and regioselective [4+2] cycloaddition at room 

temperature to exclusively produce the [2.2.2] bicyclic 22 in high yield, scheme 1.3. Steric 

hindrance between the silyl-protected alcohol in the diene and the large sulfone moiety of the 

dienophile was believed to control the observed selectivity. It is remarkable that the desired 

stereochemistry and regioselectivity can be achieved in high yield without heat or 

catalytic/asymmetric reagent. 

 

Scheme 1.3. Diels-Alder [4+2] cycloaddition for formation superstolide A’s bicyclic core 

The above examples highlight some recent applications of cycloadditions in the synthesis of 

natural products. A more detailed background on cycloaddition reactions, particularly those 

involving bicyclic alkene substrates will be explored in Chapter 3. 
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1.5 Thesis Scope 
 

The preceding introduction highlighted two main divisions of natural product chemistry, 

the discovery of new natural products and the synthesis of natural products. The following 

thesis describes two independent research projects, that both can be included in the vast field 

of natural product chemistry.  

 The first project is the isolation of a novel bioactive compound from a plant source. 

These studies are in collaboration with the Li Research Group, Department of Animal & Poultry 

Science, University of Guelph. The Li group discovered a plant with antibacterial properties, 

Chapter 2 will describe the activity-guided purification of the active-compounds from this plant. 

The second project is the study of a ruthenium-catalyzed homo Diels-Alder [2+2+2] 

cycloaddition between bicyclic alkenes and alkynyl phosphonates, these cycloadducts have been 

previously used as synthetic precursors to some natural products. The reaction was discovered 

during the extensive exploration of ruthenium-catalyzed [2+2] cycloadditions of bicyclic alkenes 

within the Tam group.56 Chapter 3 will describe the optimization, and scope/limitations of this 

cycloaddition. 
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2.1 Introduction 
 

2.1.1 Bacteria Biology  

 

 The focus of this chapter is the isolation of plant natural products possessing 

antibacterial properties. Most antibacterial agents belong to a few classes of compounds 

including the β-lactams, glycopeptides, sulfonamides, glycilcyclines, macrolides and 

fluoroquinolones among others. These compounds only target a few key structure and functions 

within bacteria. To better understand the mode of action and the structure-activity relationship 

of antibacterial agents a brief introduction into the biology of bacteria will be presented.  

 The two most common bacteria cell morphologies are cocci (round cells) and bacillus 

(rod shaped cells), both types may exist as individual cells, chains, spirals, clusters, and other 

arrangements.1 Bacteria are prokaryote cells, and have characteristically complex cell walls. A 

method of bacteria classification is based on cell wall structure, and can be determined using 

the Gram staining procedure. Gram positive bacteria have a thick cell wall composed of 

peptidoglycan surrounding the phospholipid cell membrane. Gram negative bacteria have an 

outer membrane surrounding the periplasmic space, which is separated from the inner 

membrane by a thin layer of peptidoglycan. On the surface of bacterial cell walls there are a 

variety of proteins, lipoproteins, carbohydrates, and lipopolysaccharides, these structures 

facilitate various interactions with the environment. Other proteins and porins are present 

within the membranes for transport in and out of the cell. Apart from the phospholipid 

membranes the majority of cell integrity comes from peptidoglycan found in both types of 

bacteria. Peptidoglycan is a polymer consisting of chains of repeating disaccharide units 

possessing crosslinked peptide substituents.2 The glycan portion consists of β(1→4) linked N-

acetylglucosamine and N-acetylmuramic acid monomers. The peptides are tethered from N-



31 
 

acetylmuramic acid and consist of L-alanine, D-glutamic acid, meso diaminopimelic acid (DAP) 

(Gram negative) or L-lysine (Gram positive), and D-alanine, figure 2.1. Peptide crosslinking in 

Gram negative bacteria occurs between the meso-DAP free amine and the acid of an adjacent D-

Ala amino acid. In Gram positive bacteria parallel peptide chains are linked with a pentaglycine 

tether between L-Lys and D-Ala. 

 

Figure 2.1 Single repeating unit of peptidoglycan polymer 

 A limited number of bacteria are responsible for a variety of ailments including 

meningitis, tuberculosis, pneumonia, and several other types of infections.3 Bacteria that cause 

infection may enter the body through the respiratory, digestive, and urogenital tracts. Once in 

the host the bacteria can cause harm through replication and cellular damage or by the release 

of toxic compounds. The bacteria can replicate extracellularly and adhere to cells or invade 

intracellularly to damage cellular machinery and potentially lead to cell lysis. Bacteria are 

capable of attaching to receptors on host cells using pili and fimbriae, these are protein chains 

extending from the cell surface, such external structures are targets for some anti-infectives. 

Toxins related to bacteria include exotoxins, released extracellularly by the bacteria, and 

endotoxins, which are present on the bacterial envelopes and include lipopolysaccharides. 

Antibacterials treat bacterial infections by destroying the organism and/or its ability to replicate. 
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Cellular targets of antibacterials include the cell wall and membrane, ribosomes to prevent 

protein production, and topoisomerases to inhibit DNA replication. 

2.1.2 Types of Antibacterial Compounds and Mode of Action 

 
 A variety of natural product derivatives and synthetic compounds are used as 

antibacterials, they can be roughly classified by structure. For example the β-lactams are a class 

of inhibitors of cell wall biosynthesis, and include the penicillins. Other examples include 

cephalsporins, cephamycins, carbapenem, norcardicin and aztreonam, many of these 

compounds are derived from microbial  natural product isolates.4 These compounds possess a 

strained bicyclic core and the lactam ring can undergo an acylation reaction with penicillin 

binding proteins (PBP) leading to the inactivation of the enzyme possessing the receptor, figure 

2.2.5  β-Lactams function in both Gram positive and negative bacteria by preventing the 

synthesis of peptidoglycan, a key component of the cell wall. The antibiotics bind to PBPs 

present on enzymes responsible for crosslinking strands of peptidoglycan together, this acyl-

enzyme bond that is formed is strong and prevents peptidoglycan substrates from entering the 

active site. Overall β-lactams inhibit the transglycosylation and transpeptidation of 

peptidoglycan, preventing the biosynthesis of the bacterial cell wall. Other well-known agents 

that prevent cell wall synthesis are the glycopeptide antibiotics. 

 

Figure 2.2 Inhibition of bacterial cell wall biosynthesis by β-lactam antibiotics 

 The glycopeptides include vancomycin and the teicoplanins, structurally these 

compounds possess a peptide backbone of 7 amino acids with attached carbohydrate units, 
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figure 2.3. The amino acids composing the peptide are not the common 20 amino acids typically 

observed in proteins. This implies vancomycin is not produced from the translation of a genetic 

sequence, and it may be an advantage in preventing antibiotic resistance.  These antibiotic 

agents are produced by microbes and over a 100 different glycopeptides have been discovered. 

Like β-lactam compounds glycopeptides function by preventing the biosynthesis of bacterial cell 

walls, however glycopeptides target the precursor substrates of peptidoglycan as opposed to 

the enzymes used in its construction. Glycopeptides such as vancomycin will bind to the D-ala-D-

ala terminus of peptidoglycan precursors that are presented on the outer surface of the cell and 

prevent their use in the construction of cell walls.6 These antibiotics are only effective against 

Gram positive bacteria, as the outer membrane of Gram negative bacteria prevents the binding 

of these compounds. Glycopeptides have been used for the treatment of infections caused by 

Staphylococci, Streptococci, and Enterococci bacteria.  

 
Figure 2.3: Examples of glycopeptide antibiotics  

 The sulfonamides are a class of small synthetic antibacterials, they are classified based 

on their relation to p-aminobenzoic acid (PABA) 28, figure 2.4. These compounds function by 

preventing purine biosynthesis. The normal purine biosynthetic pathway in bacteria involves the 
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conversion of p-aminobenzoic acid to dehydro- and then tetrahydrofolate which is a conenzyme 

for the synthesis of purine and nucleic acids. Several bacteria synthesize folates, however 

humans must acquire folates through diet thus limiting the potential negative side-effects of 

these compounds. The sulfonamides such as sulfanilamide 29, sulfamethoxazol 30, and dapsone 

31 are structural analogues to PABA and inhibit its uptake. These compounds are often 

administered with pyrimethamine 32 or trimethoprin 33, which inhibit the enzyme responsible 

for the conversion of dihydrofolate to tetrahydrofolate. A synergistic effect is observed from 

targeting two different portions of the same biosynthetic pathways.5 

 

Figure. 2.4. Antibacterial agents similar to p-aminobenzoic acid that inhibit purine synthesis 

Another common target of many antibacterial agents are the ribosomes of bacteria, 

these are the cell organelles responsible for protein synthesis. Bacterial ribosomes are large 

proteins consisting of two portions, a 30S and a 50S subunit, these numbers describe a measure 

of mass. Drugs such as the aminoglycosides, including streptomycin and kanamycin, are capable 

of inactivating both ribosomal subunits, while agents such as the tetracylines and macrolides are 

specific for one subunit. The aminoglycosides affect protein synthesis by causing RNA 

misinterpretation, these compounds are mainly employed against Gram negative bacteria.7 The 

glycilcyclines and spectinomycin are antibiotics that target the 30S subunit of bacterial 

ribosomes, though the latter has minimal clinical use.8 Tetracycline 2 and related compounds 
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can reversibly bind to the 30S subunit and inhibit protein synthesis, refer to figure 1.1 (p. 4) for 

structure of this antibiotic. Macrolides, ketolides, clindamycin, and oxazolidinones are all 

examples of agents that target the 50S subunit of bacterial ribosomes.9 The macrolides include 

erythromycin 3, and several other natural or synthetic compounds containing a 14- to 16- 

membered core. Macrolides exhibit broad-spectrum activity against Gram positive and negative 

bacteria, including Mycoplasma, Chlamydia, Rickettsia, Helicobacter, Spirochetes, and 

anaerobes. 

The inhibition of DNA synthesis is another antibacterial mode of action observed with 

compounds such as the fluoroquinolones. During the replication of bacterial DNA an enzyme, 

the DNA gyrase, splits the double-stranded DNA so it can be read and duplicated, any inhibition 

of the gyrase will prevent DNA replication and lead to cell death.10 Fluoroquinolones are able to 

inhibit the proper function of the DNA gyrase enzyme, preventing bacterial replication and 

stopping infection. Levofloxacin and other examples of fluoroquinolones are presented in figure 

2.5, they have shown broad activity against Gram positive and negative bacteria. This class of 

compounds has been important in the treatment of Pseudomonas, Xanthomonas, Chlamydia, 

and Mycobacteria.5 

 
Figure 2.5: Examples of fluoroquinolone antibacterials 
 

2.1.3 Antibiotic Resistance 

 The previous section provided examples of several classes of antibacterial agents and 

the different cellular targets responsible for their mode of action. It is necessary to have a 
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variety of antibacterial agents with different targets in order to provide alternatives to failed 

treatments. The development of diverse and effective antibacterial agents is a growing concern 

with the rise of antibiotic resistance. The overuse of several antibacterials and the rapid 

growth/evolution of bacterial populations has led to the increase of resistance in several species 

of bacteria to specific antibacterials. There are multiple mechanisms by which resistance can 

develop, and they typically occur at the genetic level leading to the spread of the resistant trait.  

  Globally between 100 000 - 200 000 tonnes of antibiotics are used every year, this 

extensive use has played an important role in the rapid rise of antibacterial resistance.11 

Random mutations in DNA may provide resistance to a drug by preventing its access to the cell 

or by altering the target substrate or enzyme. Resistance may also rise from biochemical 

pathways that become upregulated in response to the antibacterial agent.12 Furthermore genes 

encoding resistance mechanisms may be acquired from other microorganisms in small packets 

of DNA, known as plasmids.13  

The general mechanisms for resistance to antibacterials includes antibiotic modification, 

bypass pathways, altered target sites and decreased uptake.14 Some bacteria develop resistance 

to a compound by altering it before it reaches the target site, for example β-lactams can be 

opened into an inactive form by enzymes in several resistant bacteria.5 Resistance from bypass 

pathways occurs when the organism allows the drug to inhibit the original target but 

compensates by using an alternate pathway to continue the function of the target. A prominent 

resistant strain is the methicillin-resistant S. aureus (MRSA), which implies resistance to all β-

lactam antibiotics, this species produces normal penicillin binding proteins as well as resistant 

ones, allowing cell wall construction to continue even in the presence of β-lactams.15 Another 

mechanism of resistance is the alteration of drug target sites, the antibiotic still enters the cell 
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but can no longer affect the target. This may occur on the target enzyme or the substrate, for 

example vancomycin-resistant enterococci have peptidoglycan precursors with termini that vary 

from the D-ala-D-ala dipeptide recognized by vancomycin and thus exhibit resistance.5 

Resistance may also involve blocking uptake of a drug or actively pumping it out from the cell. 

Most antibiotics effective against Gram negative bacteria must travel thru porins, genetic 

alterations that change the size or occurrence of a specific porin may provide antibiotic 

resistance. Other bacteria develop efflux pumps, with the sacrifice of energy output, to 

transport certain compounds out of the bacterial cell, this is a common mode of resistance to 

tetracycline.16 In order to combat antibiotic resistance new treatment therapies must be 

developed, this will help avoid overuse of one compound. As well using combinations of 

antibacterials that target different sensitive sites in bacteria will minimize the potential for 

random resistance to develop. Plants offer great potential as an under-evaluated source of 

antimicrobial compounds.  

2.1.4 Plants as Sources of Novel Antimicrobials 

 

All natural product-derived antibacterial compounds currently used as pharmaceuticals 

are produced by microorganisms.17 70 of 90 antibacterial compounds approved between 1982 

to 2002 were based on a microbial-produced natural product.18 It has been suggested that some 

antibiotic resistance may stem from genetic similarities between the antibiotic producing 

organism and the target organisms.5 Furthermore the variety of new compound classes with 

antibacterial activity is minimal. After the rapid development of antibacterials between 1940 

and 1970 only 2 new compound classes were released between 1970-2004.19  This suggests 

there is a need to explore other sources of natural products to generate and inspire new 

antibacterial agents.  
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2.1.4.1 Compound Classes 

The clinical use of plant natural product isolates to treat microbial infections has 

become virtually obsolete since the discovery antibiotics produced by microbes.20 Interestingly 

there is currently no plant-derived antibacterial agent being used clinically.21 This is despite 

evidence of historical use of medicinal plants to inhibit microbial growth,22 and a considerable 

amount of research focused on screening plant isolates for in vitro and in vivo antibacterial 

activity.23 In these various screens compounds from several different classes were isolated, 

examples of the different natural products with antibacterial properties are presented in figure 

2.6.  

This plethora of compounds can be generalized into classes based on structure, these 

include phenols, terpenoids and essential oils, alkaloids, glycosides, sulfur compounds and a 

variety of polymers such as polypeptides. Several different phenol compounds have been 

isolated from plants, the simple phenols which include caffeic acid 37, eugenol 38, and catechol 

39 have been reported to possess some antimicrobial activity.24 Caffeic acid 37 has been isolated 

from herbs such as thyme and has shown activity against bacteria.25 Catechol 39 is a simple 

phenol possessing two hydroxyl groups, pyrogallol has three hydroxyls, both of these 

compounds have been demonstrated toxic to bacteria, and this toxicity was found to increase 

proportionally with compound oxidation.26 Another type of phenolic derivative is the quinones 

such as anthraquinone 40, and hypercin 41, both have been reported to possess antibacterial 

properties.27 Above it was shown that synthetic fluoroquinolones were potent antimicrobial 

agents, a similar core structure may explain the activity observed from naturally occurring 

quinones. The activity of quinones may be related to the initiation of free radical cascades 

causing cell damage, or the irreversible formation of complexes with nucleophilic amino acids 

resulting in protein inactivation.25  
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Both flavone 42 and catechin 43 are examples of phenols from the subclass flavonoids. 

Flavonoids generally possess a benzopyran core and are believed to be generated as defense 

against infections in plants.28 Catechin 43 has been extensively researched due to its presence in 

green tea, and has demonstrated activity against a variety of bacterial and fungal 

microorganisms.29 Laburnetin 44 possesses a flavonoid core and was found to be a potent 

antibacterial agent against Mycobacterium smegmatis and M. tuberculosis.30 

The tannins are examples of polyphenols ranging in size from 500-3000 amu, these 

polymers are a diverse class of molecules generally classified based on size, phenolic content 

and additional properties such as ability to precipitate alkaloids and proteins.31 Tannins may be 

formed from the condensation of gallic acid and monsaccharides, other examples contain 

flavonoid monomers or are formed from the polymerization of quinones. Tannins are common 

amongst plants and are believed to be important to cellular regulation; these compounds have 

gained considerable research interest from their prevalence in fruits and wines. In several 

studies tannins have exhibited broad antibacterial activity, tannic acid 45 is presented as a 

structural example.32  
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Figure 2.6: Examples of compound classes isolated from plants with antibacterial activity 

  Coumarins are another example of plant phenols, and have a benzo-α-pyrone core  

similar to flavonoids, this core is clearly demonstrated in 7-amino-4-methylcoumarin 46. These 

molecules exhibit a variety of biological effects on the vascular system including antithrombic, 

anti-inflammatory, and vasodilation properties.25 There are examples of coumarins with 

antimicrobial activities, though high-toxicity in rodents may limit the use of these compounds as 

medicines.33 For example 7-amino-4-methylcoumarin 46 was isolated from a fungal species 
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found on the leaves of a Ginko biloba plant, and it exhibited broad antibacterial activity against 

several strains of bacteria.34 

Terpenoids and essential oils is a broad class of compounds, based on the volatile and 

fragrant essential oil extract of plants. These are secondary metabolites typically with a core 

structure based on an isoprene unit, furthermore terpenes have a general chemical structure of 

C20H16, though several variations exist (di-,tri-, tetra-, sesqui-terpenes).25 A sesquiterpene  

xanthorrhizol 47 and terpene coleon U 48 are examples of two terpenoid compounds isolated 

from plants with antibacterial activity. The observation of antimicrobial activity is common in 

this class of molecules, 60% of terpenoids examined possessed antifungal activity and 30% had 

antibacterial activity.35 Upon isolation xanthorrhizol 47 demonstrated broad antibacterial 

activity amongst several important species including Clostridium perfringens, Listeria 

monocytogenes, Staphylococcus aureus, and Salmonella typhimurium.36 Coleon U 48 and its 

quinone derivative showed even greater antibacterial potency when tested against B. subtilis 

and Pseudomonas syringae.37 Several different terpenoid compounds have demonstrated 

antibacterial activity, the potency of this class of compounds has been found to increase with 

lipophilicity.38 This trend of proportionally increasing lipophilicity and antibacterial activity has 

caused speculation into the mode of action of terpenoid compounds being related to the 

disruption of bacterial cell membranes.  

Alkaloids can be crudely defined as compounds containing basic nitrogen atoms, and are 

often found within heterocyclic frameworks. This class of compounds are natural products 

commonly found in several plants species as well as other organisms. The importance of 

alkaloids is demonstrated by their use as anticancer agents: vincristine, as stimulants: caffeine, 

and in pain treatment: lidocaine, codeine, and morphine, amongst other indications. The 

diterpenoid alkaloids, commonly isolated from the plants of the Ranunculaceae, or buttercup 
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family, often have antimicrobial properties.39 Other alkaloids isolated from plants, including 

canthin-6-one 49 and berberine 50, have demonstrated antimicrobial properties. Canthin-6-one 

49 was one of three structurally-similar alkaloids isolated from a species within the onion family, 

this compound exhibited broad activity against 18 different bacterial and fungal species.40 

Berberine has also demonstrated potential antimicrobial activity, this is attributed the 

compounds ability to intercalate with DNA.46 

Apart from these common classes of phytochemicals several other unique compounds 

isolated from plants have demonstrated antimicrobial activity. Several lectins and polypeptides 

have been screened for activity, for example thionins, polypeptides isolated from barley and 

wheat were toxic to some species of yeast and bacteria.41 Steroidal glycosides known as 

saponins have been found to exhibit antibacterial properties.42 Tigogenin 3 – O – β – D –

glucopyranosyl  - (1→2) - [β – D – xylopyranosyl - (1→3)]- β – D – glucopyranosyl - (1→4) - β – D 

- galactopyranoside 51, is an example of a typical saponin, which possesses a steroidal core to 

which pyranose derivatives are tethered. The tigogenin glycoside 51 was extracted from a 

flowering plant and exhibited potent antifungal activity against multiple fungal species,43 related 

saponins demonstrated activity against Gram positive and negative bacteria.36 A common type 

of synthetic antibacterial agent introduced earlier are the sulphonamides. Interestingly several 

reports of small, volatile sulfur compounds isolated from plants possessing antibacterial 

properties are present in literature. Organosulfur compounds including isothiocyanates, 

thiosulfinates, and sulfides have isolated from plants, they are particularly common within the 

Allium genus which includes onions and garlic. In garlic a variety of sulfoxides are converted by 

the alliinase enzyme into thiosulfinates, a thiosulfinate derivative, iso-E-10-devinylajoene 52 was 

isolated from an oil-macerated garlic extract.44 The diene 52 was shown to exhibit antimicrobial 

activity against a variety of yeasts and Gram positive bacteria, Gram negative bacteria were not 
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sensitive. The preceding discussion highlights some of the interesting types of compounds 

isolated from plants possessing antibacterial properties. Other compounds not described 

include polyacetylenes, polyketides, polyamines, iridoids, xanthones, and macrolides.36,45 It is 

interesting to note the structural similarities between the majority of these compounds 

described. As demonstrated in figure 2.6, several compounds possess a benzene ring and a high 

amount of oxidation, particularly hydroxyl groups, as well many have a rigid backbone of one or 

more carbocyclic structures. In the search for new antibacterial compounds from plants, 

understanding the structures of known, active isolates may aid in the revealing of unknown 

structures. 

2.1.4.2 Structure-Activity Relationship of Plant-Derived Antibacterials 

 

 In the main classes of antibacterial agents introduced previously there is great structural 

diversity, however there are essentially only three modes of bacterial inhibition that are 

commonly described. They include antibiotics targeting the cell wall, preventing protein 

synthesis or inhibiting DNA replication.  Both the glycopeptides and β-lactams affect the 

synthesis and maintenance of the bacterial cell wall, though the former targets precursor 

substrates and latter leads to enzyme inhibition. Preventing or altering protein synthesis 

through the inhibition of ribosomal function is achieved via different pathways and targets 

unique to each anti-ribosomal compound class. Antibacterials that target ribosomes and protein 

synthesis include aminoglycosides, glycilcyclines, and macrolides. Finally DNA 

replication/synthesis is affected by sulphonamides, which prevent synthesis of nucleic acids, and 

by the fluoroquinolones which target the cellular machinery required in DNA replication. Based 

on the knowledge of current clinical antibacterial agents the observed relationship between 

compound structure and observed activity is hard to generalize. Each compound has a unique 



44 
 

molecular target though different compounds may affect the same or related biological 

pathways. Furthermore structurally diverse compounds can affect the same cellular functions, 

making correlation difficult. The diversity between species of microorganisms, particularly 

bacteria, is enormous and the unique biochemical properties of each organism will be important 

to the effectiveness of an antibacterial agent. Though it is difficult to predict if a specific 

compound will have antibacterial activity and if it does the mode of action, summarizing current 

known antibacterial agents may aid in structural elucidation of unknown compounds. By 

comparing the potency and range of activity of an unknown to known compounds, it should be 

possible to relate the compound to one or two similar classes.   

Since no plant-derived antimicrobials are currently used there is limited data on the 

biochemical targets of many antimicrobial natural products from plants. Table 2.1 attempts to 

summarize examples of antibacterial isolates from plants, including the target organisms and 

cellular targets of the agents.25,46  
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Table 2.1: Examples and cellular targets of antibacterial agents derived from plants 

Class Bacteria Inhibited Examples Mechanism 

Simple 
Phenols 

Bacillus cereus; E. coli; 
P. aeruginosa; Staph. 
aureus; Salmonella 
typhimurium,H.pylori 

Catechol 
Epiccatechin 
Carvacrol, Thymol 

Substrate deprivation  
Membrane disruption & 
permeation  

Phenolic Acids Salmonella sp., M. 
tuberculosis, S. 
typhimurium, 
S. aureus, 
helminths  

Cinnamic acid, 
Gallic acid, 
Anthemic acid 

Membrane disruption & 
permeation  

Quinones S. aureus Hypercin, 
anthraquinone 

Binds adhesions, complexes 
cell wall, inactivate enzymes 

Flavonoids/ 
Flavones/ 
Flavonols 

Staph. aureus (MRSA); 
E. coli; Proteus vulgari;  

Chrysin  
Abyssinone 
Epicatechin gallate  
 

Binds adhesions 
Inactivate enzymes 
Inhibition of efflux pump, fatty 
acid synthesis inhibition 

Tannins B.subtilis, C.  
botulinurn , Proteus  
vulgare, 
Staphylococcus  
aureus, Streptococcus  
mutans  
 

Elagitannin, 
Gallotannin, Tannic 
acid 

Bind proteins & adhesions, 
enzyme inhibition, cell wall 
complex and disruption 

Coumarins Candida 
albicans, Gram 
positive* 

Warfarin, 
Hydroxycinnamic 
acids* 

Interaction with DNA 

Terpenoids, 
essential oils 

Staph. aureus; E. coli; 
Listeria 
monocytogenes 

Capsaicin Membrane permeation, 
disruption & damage 

Alkaloids Staph. aureus, 
Lactobacillus, 
Micrococcus, E. coli, 
E. faecalis 

Berberine 
Piperine, Resperine 

Intercalate cell wall &/or DNA 
Efflux pump inhibition 

Lectins, 
polypeptides 

E. coli; S. 
typhimurium; 
P.aeruginosa; MRSA; 
Streptococcus 
pyogenes; 
Enterococcus faecalis 

Fabatin, Thionin, 
Agglutinin 

Protein inactivation by form 
disulfide bridges, membrane 
disruption  

Organosulfurs S.typhimurinium Allicin Inhibition of RNA synthesis 

Saponins B. megaterium; S. 
typhimurium; 

Acaciasides Enzyme inhibition related to 
energy production, membrane 
permeation 
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In table 2.1 it is obvious that many of the phenols including quinones, simple phenols 

and phenolic acids function primarily by the targeting the cellular membrane allowing increased 

permeation. Simple phenols have shown activity against a variety of both Gram positive, B. 

cereus and S. aureus, and Gram negative, E.coli, P. aeruginosa, S. typhimurium, and H. pylori, 

bacteria. Other phenols such as the flavonoids also exhibit activity against both Gram positive 

and negative bacteria, the mode of action appears somewhat compound specific but generally 

includes the inhibition of proteins. Few examples of tannins as antibacterial agents are present, 

but those reported mainly function through binding proteins leading to loss of enzymatic 

function. Coumarins are unique to the phenolic compounds in that the main cellular target 

appears to be DNA. The alkaloid berberine has been found capable of intercalating DNA thus 

disturbing the process of DNA replication. Other structurally unique alkaloids such as risperine 

and piperine function through the inhibition of bacterial efflux pumps. Alkaloids have been 

reported effective against Gram positive bacteria such as S. aureus. Terpenoids and the essential 

oils are effective against Gram positive and negative bacteria, and all examples target the 

bacterial cell membrane. The terpenoids likely increase permeability and reduce the structural 

integrity of cellular membranes. Lectins and polypeptides show broad activity against several 

bacteria species, these compounds function through protein inhibition and cell membrane 

permeation. For example the compound fabatin likely leads to protein inactivation through the 

formation of disulfide bridges between amino acids. Allicin is a diallyl thiosulfinate that showed 

activity against Gram negative Salmonella sp. and likely functions by the inhibition of RNA and 

thus protein synthesis. Finally steroidal glycosides such as saponins exhibit activity against Gram 

positive bacteria likely due to enzyme inhibition and membrane permeation. The above 

discussion highlights some the basic structure-activity relationships of plant-derived 

antibacterial agents. Unfortunately there are multiple proposed targets for each specific 
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compound class so generalizations are difficult to conclude. Even if individual bacteria species 

are examined the mode of action may vary dependent on the class compound studied. 

Considering the type and range of activity may provide some insights for structural elucidation 

of an unknown compound, though it may be more valuable to consider the types of compounds, 

active or not, isolated from related plant genera.  

2.1.5 Discovery of Antibacterial Agents from Allium sp.  

 The preceding discussions highlighted the discovery and mode-of-action of clinical 

antibacterial agents, as well as the potential for new treatments from the natural product 

isolates of plants. The focus of this thesis is the isolation of compounds possessing antibacterial 

activity from a species of plant in the Allium genus, for confidentiality reasons the species of the 

plant can’t be mentioned. The following discussions will provide an introduction into the 

structure of compounds isolated from various Allium sp.  

 Plants of the Allium genus belong to the Liliaceae family, and many are used in culinary 

dishes for their characteristic flavour. This genus is the largest of the family, consisting of 450 

species that are mostly found in the northern hemisphere.46 Common examples include garlic 

(Allium sativum L.), onion (Allium cepa L.), leek (Allium ampeloprasum L. var. porrum), scallion 

(Allium fistulosum), shallot (Allium ascalonicum auct.), great-headed (“elephant”) garlic (Allium 

ampeloprasum L. var. holmense), wild garlic (Allium ursinum), wild leek (Allium tricoccum), chive 

(Allium schoenoprasum L.), and Chinese chive (Allium tuberosum L.).
47

 Historically vegetables 

from this genus have been used as food preserves and as traditional herbal medicines, this has 

led to fairly recent research interest into the chemistry of the Allium genus. Extracts from this 

genus have demonstrated various modes of biological activity including risk reduction of 

cardiovascular disease, inhibition of carcinogens, stimulation of immune function, regulation of 
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blood glucose levels, potential anti-aging effects, as well as anti-bacterial, anti-viral and anti-

fungal properties.48 

 The compounds responsible for the potential therapeutic uses as well as the olfactory 

and gustatory sensations observed within the Allium genus are mainly volatile organosulfur 

compounds, though other compounds such as phenolics and flavonoids are also present.49 

Studies related to the biological activity of Allium extracts have had a particular focus on the 

antimicrobial properties found in garlic. Garlic was an important vegetable to several ancient 

cultures, its use as an antimicrobial has been reported as early as the 18th century plague.50 The 

work by Cavallito and co-workers in 1940s identified the main constituents of garlic possessing 

antimicrobial activities.51 The authors isolated and confirmed the antibacterial activity of allicin, 

a volatile diallyl thiosulfinate; a few years later the biological precursor to allicin, alliin, an allyl 

cysteine sulfoxide, and the alliinase enzyme were described.52 Since these initial reports there 

have been several studies into the antibacterial properties of garlic and the associated sulfur 

compounds. Block has performed a tremendous amount of research into these sulfur 

constituents of garlic and other Allium species, and their associated biochemical pathways.48 

More recent investigations have confirmed the antibacterial properties of garlic extracts by 

spectroscopic and microscopic methods, and compared the activity with agents employed 

clinically.53 Screened extracts have had varying degrees of inhibitory effects and potency, both 

seem dependent on the extraction method as well as the microorganism that is challenged. To 

date antibacterial activity from garlic extracts have been described against Pseudomonas sp., 

Proteus sp., S. aureus, E. coli, E. faecalis, Salmonella sp., Klebsiella sp., Mycobacterium, 

Micrococcus sp., B. subtilis, Clostridium sp.,  Helicobacter, and Camplyobacter.51 Apart from 

direct microbial inhibition allicin has also been described as having synergistic activity with 

clinical antimicrobials. For example the antifungal activity of the antibiotic polymyxin B was 
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significantly enhanced when co-administered with allicin.54 Thus there is great potential to 

exploit the antibacterial properties of compounds found within garlic. 

 Apart from garlic there have been investigations into the antibacterial properties of 

extracts from other species within the genus Allium. Crude organic solvent extracts of  Allium 

roseum L. were recently found to have broad-spectrum activity against several different species 

of Gram positive and negative bacteria.55 The essential oils from the methanol extract of Allium 

atroviolaceum were also demonstrated to possess antibacterial activity against several bacterial 

species.47 Other species such as the Chinese leek (Allium odorum)56 and elephant garlic (Allium 

ampeloprasum)57 have demonstrated specific activity against Campylobacter sp. and Vibrio 

cholera, respectively. Species more common in North America such as shallots (Allium 

fistulosum) and scallions (Allium ascaloricum) have demonstrated inhibition of several bacteria, 

and shallots were also found to possess significant antioxidant properties.58 Antibacterial and 

antioxidant properties have also been described in extracts of onion (Allium cepa), interestingly 

the isolated active components belong to the flavonoid class as opposed to thiosulfinates.59  

2.1.6 Isolation of Compounds from Allium spp. 

 

 In the preceding discussion it is clearly established that species within the Allium genus 

offer great potential as sources of antibacterial agents. However, the majority of studies 

screening antibacterial activity focus on crude extracts of the plants and not purified 

compounds. The isolates that have been extensively screened for activity are mainly the allyl 

sulfinates isolated from Allium sativum samples. Other than organosulfurs, other potential 

antibacterial compounds such as the flavonoids and saponins have been isolated from multiple 

species in the Allium genus. The goal of the current project is to isolate the active compounds 

from an Allium extract of already established activity but unknown structure. Thus there is 
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significant insight to be gained from familiarizing with the types of compounds isolated from 

samples of the Allium genus. 

 

 

Figure 2.7: Sulfur compounds isolated from the genus Allium derived from S-allyl-L-cysteine60 

Since the initial characterization of garlic isolate allicin 57 by Bailey and Cavallito in 1944 

there have been several reports of volatile organosulfur compounds isolated from the Allium 

genus.61 The focus on isolates from garlic has led to the elucidation of the relationship between 

the array of organosulfur compounds isolated, figure 2.7. Allicin is produced from the allyl 

cysteine sulfoxide alliin 54, which was described in the late 1940s by Stroll and Seebeck.53 Alliin 

is derived from the amino acid derivative S-allyl-L-cysteine 53, other cysteine sulfoxides have 

been isolated from Allium species, however alliin is the most prevalent.63 A comparison of the 

relative amounts of the four most common cysteine sulfoxides (CS) isolated from different 

species within the Allium genus are presented in table 2.2.  
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Table 2.2: Distribution of cysteine sulfoxides in different Allium species62 

Allium  
species 

Amount of (S)-alk(en)ylcysteine sulfoxides/ mg per 100g fresh weight. 

Alliin 54 
(allyl-CS) 

Methiin 
(methyl-CS) 

Propiin 
(propyl-CS) 

Isoalliin 
(propenyl-CS) 

Total 

Shallot 1.1 41.1 17.7 92.7 155.8 
Scallion trace 5.6 1.8 13.1 21.2 
Leek trace 4.0 trace 17.6 21.6 
Garlic 1077 122 trace trace 1199 
Chive 21.1. 32.2 606 21.0 702.4 
Wild garlic 40.3 60.0 1.2 trace 101.9 

 

Not surprisingly, based on the number of related studies, garlic possesses a relatively 

large amount of cysteine sulfoxides compared to other Allium species. Studies focused on the 

isolation of sulfoxide derivatives from garlic have yielded the many compounds presented in 

figure 2.7. With the discovery of alliin the alliinase enzyme was also described, this enzyme 

converts alliin to allicin in two steps. First alliin is fragmented into allyl sulfenic acid 55 and 

amino acrylic acid 56, which can decompose into ammonia and pyruvic acid. The second step 

involves the condensation of two sulfenic acid units to form allicin 57.62 Several sulfur 

compounds based on the decomposition of allicin have been isolated, including diallyl sulfides 

58. A variety of diallyl di-, tri-, tetra-, and penta-sulfides have been isolated from garlic,63 and 

other Allium species including A. cepa, A. porrum, A. tricoccuum, A. tuberosum, and A. 

chinense.64 The ajoenes 59 and related compounds have been described and found to possess 

considerable anti-platelet aggregation properties, ideal from the treatment of blood-clots.45,65 

Allicin may also degrade to thioacrolein 60 during heating, 2 units of thioacrolein can then 

produce the observed vinyl-4H-dithiins 61.66 

Apart from the compounds presented in figure 2.7 several other volatile sulfur 

compounds have been isolated from different Allium species. The novel bicyclic compound 

zwiebelane A 62 was isolated from A. cepa and is an example of a heterocyclic organosulfur 
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compound derived from alliin, figure 2.8.67a Recently other cyclic organosulfurs have been 

isolated such as onionin A from A. cepa and the potential anti-cancer agent Garlicinin A isolated 

from A. sativum.61, 68 A variety of cysteine sulfoxide derivatives have been isolated from multiple 

Allium species.68 An example is sulfoxide 63 possessing a pyridyl residue in place of an allyl 

group, it was isolated from Allium subgenus Melanocrommyum.69a Similar disulfides were 

discovered possessing pyridine and N-oxide functionalities 64, these compounds were isolated 

from A. stipitatum and showed potent antimicrobial activity.69 

 
Figure 2.8: Unique organosulfur compounds isolated from non-garlic Allium species 

 
A class of compounds discovered more recently and isolated from a wide variety of 

Alllium species are the steroidal glycosides known as saponins. Saponins have been isolated 

from A. macorstemon,70 A. fistulosum,71 A. ascalonicum,72 A. porrum,73 A. tuberosum,74 A. 

nigrum,75 A. cepa,76 A. chinense,77 and A. schubertii.78 Saponins isolated from Allium species have 

demonstrated activity in wide-array of bio-assays including inhibition of platelet aggregation,71a 

antioxidative properties,72 anticancer properties74c,74e,76,77b and antimicrobial potential amongst 

others75b Some examples of typical structure, and the slight variations in oxidation and 

saturation found amongst saponins are presented in figure 2.9. In general these saponins 

possess a 27- to 30- carbon aglycone-core  derived from terpenes, it is often tetra- or penta-

cyclic, and attached to the core are glycoside units. Saponins without tethered carbohydrates 

are referred to as sapogenins. It is evident from figure 2.9 that the different saponin isolates 

have many similarities but there are a few differences in structure. Compound 65 was isolated 
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from the seeds of A. fistulosum, it has the commonly observed pentacyclic 27-C sapogenin core 

with additional oxidation at carbon 2, as well glycone units are present at two locations.72 There 

is a trisaccharide at the common location of C3 as well as an additional monosaccharide 

tethered from C26. Compound 66 was isolated from A. ascalonicum and possesses a similar 27C 

core as 65 with slightly different oxidation around carbons 1 through 3.73a There are two sites of 

glycosylation, C1 has single galactose unit and the C26 ether is attached to a disaccharide. 

Compound 67 was isolated from A. tuberosum, it contains a  hexacyclic, 27-membered core, the 

C23-C26 tether in saponins 65 and 66 is a tetrahydropyran ring in 67.75c Furthermore compound 

67 only contains one site of glycosylation, there is trisaccharide attached at C3. Finally saponin 

68 possesses a tetracyclic sapogenin core and has a sole tethered-glycoside, it was isolated from 

A. cepa.77b Several similar saponins varying in the amount of oxidation around the sapogenin 

core and the amount of glycosylation have been isolated from a variety of Allium species. These 

compounds also possess a variety biological activity. In terms of isolation most saponins were 

isolated from polar extracts, water or alcohol, due to the presence of glycoside functionalities. 

The large difference in mass and atomical makeup of saponins compared with the organosulfurs 

isolated from Allium sp. should make differentiation of isolates from these different compound 

classes quite facile.  
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Figure 2.9: Examples of saponin natural products isolated from Allium species 

Organosulfur compounds and saponins are definitely the most common compounds 

isolated from Allium species, however there have been some reports of the isolation of simple 

phenolics and flavonoids, amongst other compounds. The Allium genus, particularly onions and 

garlic, are the largest dietary source of flavonoid compounds.79 Flavonoids, including their 

glycosylated and oxidized derivatives have been isolated from species within the Allium genus 

such as A. cepa, A. porrum, and A. ursinum.80 Quercetin 69 is the predominant flavonoid isolated 

from multiple Allium species, this compound possesses both antioxidative and antibacterial 

properties, figure 2.10.81b Though rare, a variety of other unique compounds have been isolated 

from different Allium species. Tomita and co-workers isolated the antifungal agent fistulosin 70 

from the roots of A. fistulosum.81 The alkaloid canthin-6-one and a derivative were isolated from 

A. neapolitonum along with an acylic 18-carbon diene, these compounds exhibited some 

antimicrobial activity.82 Sang and coworkers discovered another antifungal compound from A. 

fistulosum, tianshic acid 71 and a less potent glycerated derivate were isolated.83 Other 
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compounds such as phenolic and amino acid derivatives have been reported in A. sativum and 

A. tuberosum.84 

 

Figure 2.10: Miscellaneous compounds isolated from plants of the genus Allium 

 In summary the majority of antibacterial agents clinically used are synthetic or derived 

from microbe generated natural products. The growing issue of antibiotic resistance makes the 

search for new antimicrobial agents evermore essential. It has been demonstrated that natural 

products from plants are a great source of novel biologically active compounds and synthetic 

inspiration. Several isolates from plants possessing antibacterial properties have been 

demonstrated, and in particular the genus Allium has been well investigated for antimicrobial 

activity. Biologically active isolates from Allium species often contain volatile organosulfur 

compounds or saponins, though other compounds such as flavonoids and alkaloids have been 

described. These preceding discussions should provide the necessary information to determine 

whether the bioactive isolate from an Allium extract consists of a novel or known compound. 

2.2 Results and Discussion 
 

2.2.1 Initial Trials 

 

This project began with the Li research group, Department of Animal & Poultry Science - 

University of Guelph, they observed an extract from a plant to have significant inhibitory effects 

against  a Gram positive bacteria they were studying. Initially our group was provided with 25 g 
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of processed plant material that had been macerated and frozen. The goal was to develop an 

extraction and purification procedure that could be monitored for activity by a bioassay. 

Based on the equipment and expertise of our lab it would be much easier to work with 

isolates soluble in organic solvents, therefore procedures were developed with this in mind. 

Since the properties of the active compound were unknown, a serial solvent extraction of 

increasing polarities was elected as a general and relatively mild method of extraction. In an 

initial extraction 234.5 mg of crude plant material was extracted with hexanes, diethyl ether, 

and ethyl acetate. To develop an understanding of the mixture of compounds present in the 

solvent extracts several TLC plates loaded with the extract were developed using varying solvent 

polarities and compositions, different detection techniques were also applied. It was found that 

a mobile phase composed of (1:1) EtOAc/Hexanes and p-anisaldehyde as a stain were the 

optimal conditions to monitor the extraction. This initial work provided insight into the mixture 

of compounds isolated from the organic solvent extracts, a mixture of greater than 10 

compounds by TLC with a variety of polarities was observed. It did seem plausible that 

compounds could be successfully extracted through this method. 

Next the extraction was attempted on a larger scale and with further purification, 

followed by activity screening. A 613.5 mg sample was serially extracted with hexanes, diethyl 

ether and ethyl acetate, the organic fractions were combined and purified by normal phase 

prep-HPLC using a gradient of 0 to 50% EtOAc/Hexanes over 30 minutes. Similar fractions by TLC 

were combined to yield 8 samples A-H, and one sample from the aqueous phase remaining from 

the extraction, I. Another sample of 925.0 mg was extracted with hexanes, diethyl ether and 

methanol. Purification by column chromatography using a gradient of 0 to 50% EtOAc/Hexanes 

followed, the purification was accurately monitored by colour of eluent and confirmed by TLC. 
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Combing fractions similar by TLC produced 7 samples, J-P, plus an additional from the methanol 

extract, Q. The samples from each experiment were submitted to the Li group for antibacterial 

screening, the results of this screen are presented in table 2.3 

For the screens all samples were completely concentrated before submission and are 

later dissolved in ethyl acetate or water (aqueous isolates only) for the biological test. Variations 

in the amount submitted were due to the small amounts isolated, in each case the total amount 

of each sample was submitted for testing. The antibacterial screen involves pipetting a dissolved 

sample of extract onto a growth medium plate colonized with the bacteria desired for study, the 

plate is left for an incubation period and then observed. The amount of solvent used and volume 

of sample screened were equal for all compounds. Inhibition of growth is evident from a visible 

clear patch of the growth media that surrounds the site of the pipetted extract, an example is 

presented in figure 2.11. Inhibition of growth is reported in mm and is measured from edge of 

sample well to edge of the clear zone. The radius of the inhibited area is used to quantify the 

biological activity of the samples, see table 2.3. 

 

Fig.2.11: Photograph incubated growth plate: a) clear evidence of inhibition b) no inhibition 

a b 
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Table 2.3: Antibacterial screening of initial extracts 

Purification by Prep-HPLC  Purification by Column Chromatography 

 

# 

Cmpds 
a
 

Rf 
b
 Colour 

Wt 

(mg) 

Rad. 

Inhib. 

(mm)
d 

  

# 

Cmpds 
a
 

Rf 
b
 Colour 

Wt 

(mg) 

Rad. 
Inhib. 
(mm)

d
 

A 4 0.78 
Light 

green 
4.1 0  J 2 0.78 Yellow 5.0 5.5 

B 2 0.63 Yellow 0.4 0  K 1 0.79 Yellow 2.9 0 

C 8 0.63 Green 3.1 0  L 3 0.65 
Dark 

green 
0.5 0 

D 1 0.68 
Dark 

green 
12.9 0  M 4 0.60 

Bright 

green 
0.4 0 

E 7 0.75 Yellow 0.3 0  N 3 0.52 
Light 

green 
1.7 0 

F 5 0.28 Yellow 5.7 0  O 4 0.30 Yellow 2.2 0 

G 4 0.83 
c
 Green 2 0  P 5 0.16 

Light 

yellow 
1.8 0 

H 2 0.33 Yellow 0.9 0  Q 2 0.43 
c
 Brown 23.2 some 

I 5 0.42 
c
 

Brown-

yellow 
54.1 3  R - - - - 0 

a 
Estimated from TLC as detected by colour, UV, & anisaldehyde  

b 
If >1 

 
compound present, most concentrated based on TLC is presented. Mobile phase (1:1) 

EtOAc/Hexanes 
c 
TLC developed with (2:3) MeOH/EtOAc 

d
 Rad. Inhib. – Radius of inhibition of bacteria colony growth observed in biological screen 

The results presented in table 2.3 demonstrate no activity for the fractions prepared by 

prep HPLC A-H, and some activity for the aqueous fraction I, which was in much greater quantity 

than the other samples. The aqueous fraction from the column chromatography trial also 

showed some evidence of activity and one of the organic samples demonstrated high activity, J 

had greater than 1 mm inhibition per milligram screened. Sample R was a blank of the sample 

dissolution solvent EtOAc, it demonstrated no activity. Between the two methods only one 

organic fraction demonstrated inhibition; the activity observed in aqueous fractions was 
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minimal. It was predicted that main reason for lack of activity was quantity, the amounts 

isolated were too small and/or impure for detection of the active constituent. Furthermore it is 

possible that the methodology used destroyed/altered/lost the active compounds. It was thus 

proposed to attempt a scaled-up purification, with monitoring of the extraction process until all 

the activity was present only in the organic concentrates. If the activity could be confirmed in 

the organic extracts and completely removed from the aqueous fraction, then the extraction 

procedure would be demonstrated effective and further purification could be pursued. 

 Following these initial screens the remaining 22 g of processed plant material was 

extracted. Once again solvents of increasing polarity were used to obtain three concentrates A1, 

B1, & C1, these were submitted for activity testing along with a large sample of the aqueous 

portion E1, table 2.4. All three organic extracts demonstrated activity that was comparable to 

the inhibition observed for the crude sample. The aqueous sample demonstrated some activity 

so the aqueous portion was further extracted with all three solvents to produce organic sample 

D1, which showed activity, the re-extracted sample E1 showed no activity. It was concluded that 

the extraction procedure is sufficient to obtain all the desired antibacterial compound in the 

organic solvent washes of the provided extracted. However since re-extraction was required the 

method should compensate with increased time of extraction and an increased number of 

solvent washes. After these results the extraction procedure was finalized and is presented in 

the experimental section. 
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Table 2.4: Antibacterial activity of extraction fractions 

Sample 
Extraction 

Solvent 
Colour 

Total Isolated 

(mg) 

Amount 

Screened (mg) 

Rad. of Inhib. 

(mm) 

Crude N/A Green - - 7 

A1 Hexanes D. green 73.6 7.3 4 

B1 Ethyl ether Y. green 33.8 6.7 12.5 

C1 Ethyl acetate Yellow 5.5 5.5 12.5 

D1 Mixed Y. brown 24.4 24.4 8 

E1 Aqueous Brown 186 65.0/62.3 3/0* 

* Re-extracted with each solvent after demonstrating activity and then resubmitted  

 Based on the positive results presented in table 2.4 samples A1 though D1 were 

combined for further purification. The samples were purified using column chromatography and 

a gradient elution of 0 – 100% EtOAc/Hexanes. The samples obtained contained 1 to 4 

compounds of similar polarity by TLC, and were submitted for inhibition testing. The results of 

this screen are presented in table 2.5. The column “relative inhibition” is used to account for 

differences in activity based on the amount of compound submitted, and provides a better unit 

for comparison of sample potency. The samples are of various purities, in all cases the Rf of the 

most concentrated compound is presented in bold, the Rf of a second compound or the Rf range 

of multiple minor compounds are presented in brackets. From the table it is clear that samples 

A1-4 and A1-5 had the highest relative activity. The results suggest the majority of active 

compounds have Rf values between 0.5-0.7, and particularly 0.5-0.6, for the mobile phase 

employed. At this point in the study there was no more available plant material for scale up, 

however the methodology had been demonstrated capable of crudely purifying the active 

constituents from the provided plant material.  
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Table 2.5: Antibacterial activity of purified extract 

Sample 
# 

Cmpds a 
Rf b 

Mass 

Isolated 

(mg) 

Mass 

Screened 

(mg) 

Rad. Inhib. 

(mm) 

Rel. Inhib. 

(mm/mg) 

A1-1 1 0.81 13.2 9.0 0 0 

A1-2 1 (2) 0.70 (0.44) 17.8 8.6 1.5 0.17 

A1-3 3 (4) 0.68 (0.66-0.41) 4.8 4.8 3.5 0.73 

A1-4 4 (3) 0.57 (0.56-0.39) 4.2 4.2 10 2.38 

A1-5 1 (2) 0.32 (0.29) 1.6 1.6 3 1.88 

A1-6 5 (6) 0.50 (0.69-0.19) 24.8 8.5 5 0.59 

A1-7 1  0.00 5.9 5.9 0 0 

a 
Estimated from TLC as detected by colour, & UV; in () # compounds observed with anisaldehyde  

b 
Mobile phase (1:1) EtOAc/Hexanes; in () Rf  of minor compounds 

2.2.2 Scale-up and further purification 

  Once more plant material was harvested the project was reinitiated. First an 

extraction on 74 g of crude plant material was undertaken to confirm the reproducibility of the 

method reported previously. The extraction yielded 126 mg of concentrate from hexanes 

extraction, 49 mg from diethyl ether and 31 mg from ethyl acetate. The organic concentrates 

were combined and columned as before, seven fractions of moderate purity were obtained, A2-

1 to A2-7. The results of the activity screen are presented in table 2.6 and compared with the 

previous screen of A1-1 to A1-7. It is clear that similar magnitudes of inhibition were obtained 

between the two screens. Inconsistencies between Rf values and observed activity may be 

because the samples of A2 were of higher purity compared with A1. Though the two extractions 

don’t correlate exactly, they do demonstrate that mixtures of compounds of similar activity can 

be reproducibly isolated.  In this screen the majority of activity was present in fractions with the 

major spot by TLC having a mid-range Rf of 0.2-0.5, this larger range is also due to the increased 

purity of samples. 
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Table 2.6: Method reproducibility 

Initial Purification  Reproducibility Screen 

Sample Rf a 
Mass 
Screened 
(mg) 

Rad. 
Inhib. 
(mm) 

Rel. 
Inhib. 
(mm/ 
mg) 

 Sample Rf a 
Mass 
Screened 
(mg) 

Rad. 
Inhib. 
(mm) 

Rel. 
Inhib. 
(mm/
mg) 

A1-1 0.81 9.0 0 0  A2-1 0.83 6.0 0 0 

A1-2* 0.70 8.6 1.5 0.17  A2-2 0.73 9.2 0 0 

A1-3* 0.68 4.8 3.5 0.73  A2-3* 0.67 7.8 0 0 

A1-4* 0.57 4.2 10 2.38  A2-4* 0.48 6.6 11 1.67 

A1-5* 0.50 1.6 3 1.88  A2-5* 0.39 7.5 11 1.47 

A1-6* 0.50 8.5 5 0.59  A2-6* 0.22 8.0 13.5 1.69 

A1-7 0.00 5.9 0 0  A2-7 0.11 9.3 3 0.32 

* Multiple compounds by TLC, detected by colour, UV, & anisaldehyde 
a 

Mobile phase (1:1) EtOAc/Hexanes; Rf of major compound 

 

 After confirming the method’s reproducibility a larger scale extraction was undertaken 

in hopes of isolating the active constituent(s) as pure samples. Using the same method of 

extraction and column chromatography nine samples of 2-5 compounds were obtained from 

590 g of crude material, table 2.7. Comparing the fractions by TLC with the results of the 

previous screen, fractions SU1-4 to SU1-8 were elected for further purification.  

Table 2.7: Initial scale-up and basic purification 
 

Sample SU1-1 SU1-2 SU1-3 SU1-4 SU1-5 SU1-6 SU1-7 SU1-8 SU1-9 

# Cmpds 3 2 5 2 2 2 3 2 3 

Main Rfa 0.89 0.80 0.70 0.50 0.36 0.29 0.29 0.24 0.07 

Rf rangea 0.89 – 
0.63 

0.80 – 
0.74 

0.80 – 
0.52 

0.69 – 
0.45 

0.47 – 
0.33 

0.38 – 
0.29 

0.45 – 
0.29 

0.33 – 
0.24 

0.26 – 
0.07 

a
 Mobile phase (1:1) EtOAc/Hexanes; () represents Rf range of compounds present based on TLC, 

detected by colour, UV, & anisaldehyde 

 The subsequent purification of SU1-4 – SU1-8 was performed by column 

chromatography. Fractions obtained from these purifications possessing similar compounds 
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were combined and further purified by column chromatography. After the second round of 

purification several samples possessing 1 to 3 compounds by TLC were obtained. By comparing 

TLC and NMR spectra, samples to represent the major compounds with Rf values between 0.2 -

0.7 were obtained. Table 2.8 shows the results of screening these purified samples and 

descriptions of the major compounds by TLC. This screen was very promising with two samples 

having very high relative activity, SU2-2 and SU2-5. The majority of activity in the samples SU2-1 

thru to SU2-5 was likely due to only 2 or 3 compounds, based on the overlap of compounds by 

TLC. The major compounds observed for SU2-2, and SU2-5 were thus selected to be the focus of 

further purification to obtain enough material for characterization.  

Table 2.8: Purified scale-up samples 

Sample 
# 
Cmpds 
a 

Rf b 
Mass 
Screened 
(mg) 

Rad. 
Inhib. 
(mm) 

Rel. Inhib. 
(mm/mg) 

Major Spot 
Description 

Minor 
Spots 

SU 2-1 2 0.66  8.1 10.5 1.30 Yell   Grn Rf 0.47 

SU 2-2 2 0.48  9.4 22 2.34 D. gry grn   UV Rf 0.36 

SU 2-3 2 0.43  10.9 11 1.01 L. grn   UV Rf 0.36 

SU 2-4 1 0.46  7.4 14 1.89 Gry grn   N/A 

SU 2-5 1 0.29 8.0 20 2.50 Yell  N/A 

SU 2-6 1 0.25  8.9 0 0 Yell, blue stain N/A 

SU 2-7 1 0.24  9.7 0 0 
UV, white 
stain 

N/A 

SU 2-8 3 0.17  9.8 0 0 
Grn,  
yell/grn stain  

Yell Rf 0.29 
UV Rf 0.22 

a 
Estimated from TLC as detected by colour, UV, & anisaldehyde

 

b 
Mobile phase (1:1) EtOAc/Hexanes; Rf of major compound by TLC 

2.2.3 Purification of lead compounds possessing antibacterial activity 

 

To attain appreciable quantities of the lead compounds an additional 840 g of crude 

plant material was extracted and purified as described above. After initial purification by column 
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chromatography any extracts possessing compounds with Rf values between 0.6 - 0.2 were 

combined with similar samples for further purification. Based on the screen of the SU2 samples 

two compounds were targeted. One compound SU3-1 was the major component of SU2-2, had 

a Rf of 0.48, was green in color and stained green by anisaldehyde. The other compound SU3-2 

corresponded to fraction SU2-5, had a Rf close to 0.3, and was yellow in color. The efforts of 

repeated purification by column chromatography on silica and neutral alumina followed by final 

purification using normal phase prep-HPLC allowed complete purification of the two desired 

compounds, determined by TLC and normal-phase HPLC.  Less than 20 mg of each purified 

compound were obtained from about 1.4 kg of macerated plant material (SU2 & SU3). The two 

purified samples SU3-1 and SU3-2 were submitted for biological screening, the results are 

presented in Table 2.9. Surprisingly the two purified samples exhibited no activity. The samples 

were retested along with SU2-2 and SU2-5 to ensure there were no errors in the screen, but 

only compound SU2-2 exhibited activity. The loss of activity in SU2-5 may be due to 

degradation, the compound was stored at 0-4°C but screens were 2 weeks apart, or the original 

observed activity was a result of experimental error. The lack of activity in SU3-1 and SU3-2 may 

be attributed to multiple factors: the active compound may have degraded or was lost in the 

purification procedure, the active compound may have been what was presumed to be an 

impurity during purification and was removed, activity may be due to a synergy of multiple 

compounds and lost when purified, or there may be inconsistencies with the biological assay.  

Table 2.9: Evaluation of lead compounds 

Sample Rf a Mass Screened (mg) 
Rad. Inhib. (mm) 

Comments 
Screen 1 Screen 2 

SU3-1 0.45 7.1 0 0 Green, stain green 

SU3-2 0.29 10.7 0 0 Yellow, stain blue 
a 

mobile phase
 
(1:1) EtOAc/Hexanes; detected by color, UV, & anisaldehyde  
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2.2.4 Re-evaluation and identification of active constituents  

  

With the loss of activity presented in table 2.9, all previous results were re-examined. In 

particular table 2.8 demonstrates that there was a UV active/non-staining compound with a Rf-

0.36 present in two of the five active fractions, this compound was initially overlooked and may 

responsible for some observed inhibition. Since the active compound was likely removed during 

purification all remaining samples and extracts with potential activity were collected for further 

purification (i.e. those possessing compounds with Rf- 0.7 - 0.2). Any samples or extracts that 

were similar in content by TLC were combined together. A quick purification by column 

chromatography was performed to provide samples possessing 2 to 6 compounds by TLC, the 

results from screening these samples SU4-1 to SU4-9 are presented in table 2.10. Interestingly 

SU4-1 appeared to have the same composition as SU3-1 and SU3-2 combined, and exhibited 

very high activity. SU4-2 was very impure possessing multiple compounds with Rf values 

between 0.2 - 0.6 and had high activity. SU4-5 also had noticeably high activity, by TLC it was 

similar to an impure SU3-2, one of the additional compounds was UV active with a Rf of 0.37. 

SU4-6 was quite similar to SU4-5 but the major compound had a Rf of 0.20, and exhibited only 

moderate activity. Furthermore sample SU4-9 was a combination of the SU3-1 and SU3-2 

samples previously submitted and surprisingly had activity, though relatively low. The results 

from the SU3 and SU4 screens suggest there is a potential synergistic effect between SU3-1 & 2, 

that SU3-2 may be active but degrades with time, and that there may be an additional 

compound that is active but not previously obtained as a pure sample. The results at least 

confirm that activity is still present but further investigations were required to answer these 

proposed hypotheses. 
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Table 2.10: Purification of all remaining samples containing Rf values between 0.2-0.7
 

Sample 

 

# 

Cmpds a Rf  b 
Mass Screened 

(mg) 

Rad. Inhib. 

(mm) 

Rel. Inhib. 

(mm/mg) 

SU4-1 2 0.49/0.29 4.3 9 2.09 

SU4-2 3-6 0.58/0.37/0.28 9.6 17.5 1.82 

SU4-3 2 0.41/ 0.19 5.1 2 0.39 

SU4-4 2 0.47/ 0.30 14.5 7 0.48 

SU4-5 3 0.37/ 0.26/0.12 4.1 9 2.19 

SU4-6 3 0.44/ 0.26 /0.20 10.3 8 0.78 

SU4-7 4 0.67/ 0.52/ 0.43/ 0.36 33.8 6 0.18 

SU4-8 2 0.38/ 0.12 10.6 7 0.66 

SU4-9* 2 0.45/0.29 - 4 0.40 

a 
Estimated from TLC as detected by colour, UV, & anisaldehyde

 

b 
Mobile phase (1:1) EtOAc/Hexanes; Rf of major compound by TLC in bold 

* mix of SU3-1 & SU3-2 

 

 Since the bulk of available crude plant material had been used in previous purifications 

the samples from the SU4 round of screening were retrieved and subjected to further 

purification. Any active samples were combined with similar samples available and purified 

using normal phase prep-HPLC. These roughly purified samples now contained 1-4 compounds 

by TLC, and were obtained directly from purification of previously active fractions. The results 

from screening samples SU5-1 to SU5-9 are presented in table 2.11. Four predominately active 

samples were observed, including SU5-1 which had a major UV active spot that did not stain and 

had a Rf around 0.38. SU5-2 was a mixture of a yellow spot that stains blue and a mid-polarity 

UV active spot. SU5-3 exhibited some inhibition and was a combination of the UV spot with Rf-

0.38, present in SU5-1,2 and another UV active compound with a Rf of 0.21, however the latter 

stains blue. It seems likely that the active compound in samples SU5-1,2,3 is the same, UV/no 

stain/Rf- 0.38, and differences in activity between the samples are due to differences in 
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concentration of this one compound. Finally SU5-9 had a major green spot with Rf- 0.48 similar 

to SU3-1. Overall it was promising that activity was only appreciable in a few of the samples 

screened, suggesting enhanced purification compared with the samples from SU4.  

Table 2.11: Prep-HPLC purification of SU4 samples possessing activity  

Sample 

 

# 

Cmpds a 

 

Rf b Mass 

Screened (mg) 

Rad. Inhib 

(mm) 

Rel. Inhib. 

(mm/mg) 

SU5-1 4 0.64/ 0.60/ 0.51/ 0.38 5.8 14 2.5 

SU5-2 2 0.38/ 0.30 4.3 7 1.6 

SU5-3 3 0.59/ 0.38/ 0.21 5.1 4 0.78 

SU5-4 1 0.36 4.4 1 0.23 

SU5-5 3 0.36/ 0.30/ 0.20 5.0 0 0 

SU5-6 1 0.20 7.0 0 0 

SU5-7 2 0.27/ 0.12 4.3 0.5 0.11 

SU5-8 1 0.19 5.5 0 0 

SU5-9 1 0.48 4.8 5 1.0 

a 
Estimated from TLC as detected by colour, UV, & anisaldehyde

 

b 
Mobile phase (1:1) EtOAc/Hexanes; Rf of major compound by TLC in bold 

 

 The preceding two screens provided a much clearer picture of the potentially active 

compounds. Table 2.12 highlights these highly active fractions. Essentially three possible 

compounds are responsible for the observed activity.   compound with  f   0.40 that is UV active 

and doesn’t stain, a compound similar to SU3-2 with an  f   0.26 that is yellow and stains blue, 

and a compound similar to SU3-1 with a  f   0.48 and is green and stains green. Based on this 

summary all samples from SU5 were reacquired for further purification.  
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Table 2.12: Summary of most likely active compounds 

Sample 

# 

Cmpds a 

 

Rf b 
Mass 

Screened (mg) 

Rad. 

Inhib. 

(mm) 

Rel. Inhib. 

(mm/mg) 
Comments 

SU5-1 4 0.38 5.8 14 2.5 UV/no stain 

SU4-5 3 0.37/0.26 4.1 9 2.19 
UV/no stain; 

Yel/bl. stain  

SU4-1 2 0.49/0.29 4.3 9 2.09 
Grn/grn stain;  

Yel/bl. stain  

SU4-2 3 - 6 N/A 9.6 17.5 1.82 Mixed 

SU5-2 2 0.37 4.3 7 1.6 
UV/ no stain 

(minor) 

SU5-9 1 0.48 4.8 5 1.0 Grn. / grn stain 

SU4-6 3 0.26 10.3 8 0.78 Yel/bl stn (minor) 

a 
Estimated from TLC as detected by colour, UV, & anisaldehyde

 

b  
Mobile phase (1:1) EtOAc/Hexanes 

 Any remaining samples corresponding to the active fractions observed in SU4 and SU5 

were further purified by normal phase prep-HPLC. A total of 10 purified samples were prepared 

for testing, most possessed only one compound. Since the samples had been re-purified 

multiple times the quantities were getting very low, therefore NMR was acquired for all purified 

samples obtained to allow easier monitoring of future purifications. The final screen was 

performed on samples SU6-1 to SU6-10 and the results are presented in table 2.13. The 

biological screens were ran in duplicate, method two employed Gram negative bacteria instead 

of Gram positive, which had been the only classification of organism previously screened. 

Though there is activity in multiple samples, one compound had particularly high activity against 

both strains of bacteria, sample SU6-2. This compound has an Rf-0.43 is visible by UV and 

doesn’t stain, it is likely responsible for the activity observed in SU4-5 and SU5-1, 2, 3. Also due 

to similarity in RF with compound SU3-1 and along with its inability to stain are potential 
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reasons why this compound was previously overlooked. The next highest activity was observed 

in SU6-8, it is possible that SU6-2 was a minor compound in this fraction, however no activity 

was observed for method B. Compound SU6-3 demonstrated some activity, the major 

component was similar to SU3-2, it had a Rf-0.26, was yellow and stained blue. SU6-7 also had 

some activity, though it was a mixture of compounds. SU6-6 exhibited activity against both 

strains and was similar in composition to SU6-1. Finally neither SU6-9 nor SU-10 exhibited 

activity, confirming that the green spot, Rf-0.48 (SU3-1), is not active.   

Table 2.13: Final purification and identification of lead compound 

Sample 

 

 # 

Cmpds 
a 

 

Rf b Description 

Mass 

screened 

(mg) 

Rad. Inhib. 

(mm)  

Rel. Inhib. 

(mm/mg) 

A B c A B c 

SU6-1 1 0.70 Yell/ grn stain 4.1 1 2 0.24 0.49 

SU6-2 1 0.43 UV/no stain 2.2 3.5 3.5 1.60 1.60 

SU6-3 1 0.26 Yell/ bl stain 2.4 1.5 ND 0.63 - 

SU6-4 1 0.17 UV/ bl stain 2.7 0.5 1 0.19 0.37 

SU6-5 1 0.78 Yell/ brw stain 3.6 1.5 2 0.42 0.56 

SU6-6 1 0.43 UV/ no stain 1.7 1 1 0.59 0.59 

SU6-7 2 0.50/ 

0.40 

Grn/grn stain;  

UV/ no stain 

0.8 0.5 0 0.63 0 

SU6-8 3 0.72/ 

0.40/ 

0.35 

UV/ no stain;  

UV/no stain;  

UV/ prp stain 

1.4 1 0 0.71 0 

SU6-9 2 0.50/ 

0.29 

Grn/no stn;  

UV/bl stain 

3.2 0 0 0 0 

SU6-10 1 0.50 Grn/grn stain 0.9 0  0 0 0 

a 
Estimated from TLC as detected by colour, UV, & anisaldehyde

 

b 
Mobile phase (1:1) EtOAc/Hexanes 

c
 Gram negative bacteria ND- not enough sample for determination 
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2.2.5 Summary of lead compounds 

  

In summary there is one compound possessing the majority of antibacterial activity in 

the provided plant sample, though the results suggest the possibility of other active compounds 

as well. The most potent compound is UV active at  254 nm, doesn’t stain by anisaldehyde and 

has a Rf of 0.38 - 0.43 in (1:1) EtOAc/Hexanes. This compound was initially overlooked during 

the first identification of lead compounds, trial SU3, re-examining table 2.8 shows this 

compound is present in at least 2 of 5 active fractions. In subsequent purifications this 

compound reappeared in several of the highest activity samples including SU4-5, SU5-1, 2, 3, 

and SU6-2, 6. In table 2.13 this compound demonstrates inhibition of both Gram positive and 

negative bacteria, further enhancing the promise of this compound. For the majority of future 

research this compound should be the main target of isolation. 

Apart from isolating the major active constituent, this study demonstrated the 

possibility of other active compounds though these results are inconclusive. Before the 

identification of lead compund  SU6-2, the two most promising compounds considered to be the 

active constituent(s) were SU3-1 and SU3-2. SU3-1 has a Rf of 0.48 is green and stains green, 

SU3-2 has a Rf of 0.29 is yellow and stains blue. It should be further evaluated if there is a 

synergistic effect between SU3-1 and SU3-2, as some results had inferred, see SU4-1 and SU4-9. 

SU3-1 was not active but related samples SU5-9 and SU6-9 provide  mixed results.  A similar 

observation is seen with SU3-2 which showed no activity but similar samples SU4-6 and SU6-3, 

demonstrated some activity. These mixed results may be due to compound degradation or 

experimental error and should be considered in future work. A visual summary of a TLC analysis 

of the lead compounds is presented in figure 2.12, and will allow for easier monitoring of future 

purifications. 
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Figure 2.12: Examples of developed TLC plates showcasing the lead compounds. All plates 
were developed in (1:1) EtOAc/Hexanes are determined by color, UV and 
anisaldehyde (unless stated otherwise) 

Overall there is confidence in the methodology developed. First the extraction was 

confirmed to completely remove activity from the aqueous phase during extraction, and the 

organic extracts exhibited similar activity to the crude, table 2.4. It was shown that the solvent 

used to dissolve samples does not inhibit bacterial growth, so the results aren’t false positives 

table 2.3. The loss of activity in table 2.9, was not due to the procedure but rather a 

misidentification of the active compound(s), and activity was readily recovered once the 

samples were re-evaluated. Finally there was the possibility of inconsistencies in the biological 

screening, this was challenged in table 2.13, by having two different analysts run the same 

samples simultaneously. For this screen one analyst performed method A and the other B, since 

some samples had similar degrees of inhibition for both methods this confirms experimental 

error in screens should not be an issue.  

After the loss of activity in table 2.9, the goal of the project was focused on solely 

finding the exact compound yielding the observed inhibition. From that point, trial SU3, 

accurate yields for subsequent purifications could not be calculated since the procedure was no 

longer linear, i.e. similar samples from different extractions were combined for purification, and 

some fractions potentially containing active compound were not purified if the compound was 

SU6-2 SU3-1 SU3-2 SU3-2, no stain 
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too minor or the mixture too complex. However, the main active compound has been isolated 

along two other potentially active components in pure form. The majority of these pure samples 

were consumed in screening, limiting characterization efforts. Preliminary spectral data of these 

compounds was collected, is presented in the following section, and in combination with TLC 

data will allow for easy monitoring and confirmation of the desired fractions when the isolation 

is repeated. The experimental section describes a generalized procedure for the extraction, and 

the purification by column chromatography and prep-HPLC of these compounds.  

2.2.6 Preliminary characterization 

 

 Some preliminary data has been collected for the three lead compounds described 

above, SU3-1, SU3-2, and SU6-2. Data collection was limited for multiple reasons, the most 

important being that sufficient quantities of compound had to be confirmed active and free of 

minor impurities prior to characterization. The quantities of each compound were limited upon 

confirming activity, therefore only NMR studies were undertaken, these would at least allow 

easy monitoring of future work and provide a general idea of the functionalities present. 

Collected NMR spectra for the three major compounds of interest are presented in appendix 1, 

and analysis of these preliminary studies will follow.  

 A summary of the 1H NMR spectrum of SU6-2 is presented in table 2.14, carbon and 

HSQC were also collected but are of low quality so were only used to support assignment of 

functional groups. Furthermore integration is not necessarily absolute and should be confirmed 

with HRMS, however reporting relative integration gives a general idea of some molecular 

features and the approximate number of protons present in the compound.  
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Table 2.14: Proton NMR data for compound SU6-2 

δ range 
(ppm) 

Relative 
integration 

Unique splitting Possible functionality 

5.98 - 5.91 1 H m alkenyl - internal  

5.48 - 5.43 2 H m alkenyl - terminal 

3.85 1H dd 
allylic proton, in presence of EWG  
(J = 7.2 Hz, 12.9 Hz) 

3.78 1H dd 
allylic proton, in presence of EWG  
(J = 7.7 Hz, 13.0 Hz) 

2.67 3 H s 
terminal alkyl group attached to a 
heteroatom 

1.98 - 1.86 4 H m 
alkyl protons  in presence of vinyl ; part of an 
alkyl chain attached to a carbonyl 

1.82 1 H d 
alkyl protons  in presence of vinyl; part of an 
alkyl chain attached to a carbonyl 

1.41 - 1.25 5 H m alkyl protons 

0.90 - 0.84 3 H m terminal alkyl protons 

Total 21 H - - 

 

Interestingly SU6-2 possesses no chemical shifts >6.0 ppm, therefore the molecule does 

not possess protons directly attached to aldehydes or acids, nor is it likely to contain an 

aromatic structure.  Searching for the observed shifts of SU6-2 in the Spectral Database for 

Organic Compounds, SDBS, provided zero hits.85 However searching the observed shifts as 

localized groups provided several known compounds from the literature; this allowed the 

assignment of potential functional groups based on the analysis of several examples. The most 

informative region of the spectra includes the shifts observed between 6.0 - 5.4 ppm and 3.9 - 

3.7 ppm, these peaks are indicative of an allyl group. The relative integration demonstrates 

there is likely only one allyl group in the molecule, unless it is very symmetrical. Furthermore the 

chemical shifts indicate that the allyl group is attached directly to an electron withdrawing 

group. Since many organosulfurs containing allylic groups have been isolated from Allium 

species it is likely that a similar functionality would be present in the isolated compound SU6-2. 

Several diallyl sulfides, sulfoxides and sulfones have been reported in literature, increasing the 
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oxidation on the sulfur atom (i.e. sulfoxide to sulfone) or the number sulfur atoms in the sulfide 

(i.e. disulfide to trisulfide) leads to chemical shift further downfield for the attached allylic 

protons. The observed shifts of 3.85 and 3.78 for compound SU6-2 suggest the possibility of a 

sulfoxide or sulfone functionality, figure 2.13. 

 

Figure 2.13: Comparison of characteristic proton NMR chemical shifts observed for compound 

SU6-2 with known compounds possessing similar chemical shifts. 

The three protons with chemical shifts observed at 2.67 ppm are quite possibly a methyl 

group attached to a heteroatom, however this shift is also characteristic of alkyl protons 

situated between an aromatic ring and a carbonyl group. Based on literature examples of 

compounds isolated from different Allium species it is likely the methyl group is attached to a 

sulfur or oxygen atom.  All other shifts occur at less than 2.0 ppm so are less characteristic for 

specific functional groups. The four protons at 1.98-1.82 ppm are likely two different methylene 

groups that are shifted downfield due to the near-by presence of unsaturation or an electron 

withdrawing functionality. The remainder are various alkyl protons, overall 21 protons were 

observed in compound SU6-2 based on the current integration. Looking at the carbon and HSQC 

spectra of this compound there is definitely unsaturation within the molecule, likely the 

proposed allylic group. There was no observed shift for a carbonyl compound, however this 

could be due to inadequate acquisition time, so shouldn’t be ruled out yet. Interestingly the two 

protons with shifts of 5.9 showed no correlation in HSQC, either this is due to inadequate 

acquisition or these protons are not attached to a carbon. Protons attached to a heteroatom 
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possessing chemical shifts of about 6.0 ppm are likely attached to an amide nitrogen. The 

protons with shifts around 4.0 ppm correlate well with a CH2 carbon attached to an electron-

withdrawing group, this is further supported by the HSQC spectrum. All protons with shifts 

below 3.0 ppm correlate with carbons possessing shifts that are <40 ppm, suggesting they are 

indeed alkyl protons and some are in the presence of heteroatoms. In conclusion the data 

acquired for compound SU6-2 is incomplete for characterization but allows for the identification 

of some key functional groups. The compound likely possesses an allylic group attached to an 

electron-withdrawing group, apart from this group other heteroatoms may be present. As well 

there is significant number of alkyl protons. These results provide some structural insight but 

more importantly may be used to confirm purification of the desired compound in the future. 

 Both SU3-1 and SU3-2 had demonstrated variably activity, and when activity was 

present it was significantly lower potency than compound SU6-2, for this reason the spectra of 

these compounds won’t be analyzed as in-depth. A clean proton spectrum and better quality 

carbon and HSQC spectra were acquired for compound SU3-1, it is likely there are 50+ protons 

in this molecule and 20 - 30 carbons. Since the protons found between 9.5 - 6.0 ppm all 

correlate to carbons between 140 - 100 ppm, it is likely these are aromatic and/or alkenyl 

protons. This range of chemical shifts are quite commonly observed in heteroatom containing 

aromatics. SU3-1 also has a concentration of proton shifts between 4 - 3 ppm containing roughly 

20 protons, it is likely these are alkyl groups attached to heteroatoms, this is supported by HSQC 

spectrum. The majority of other protons have shift values less than 2 ppm corresponding to alkyl 

protons. Compared with the other two compounds the proton spectrum of SU3-2 is much 

harder to interpret. There are large differences in the intensity of peaks based on chemical shift, 

with the large majority of peaks falling in the alkyl region of 2.0 - 0.5 ppm. A reasonable relative 

integration was hard to achieve for this compound, either because the sample contained 
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impurities/degradation products or because the molecule is very large and complex. With that 

said there are some minor peaks between 8 - 7 ppm, these don’t seem to be significant. There 

are protons that are likely aromatic or alkenyl, possessing shifts from 7 - 6 ppm. There also the 

presence of some protons in the region of 4.5 - 3.5 ppm, suggesting the presence of 

heteroatoms. Based on the reported integration for the proton spectra of SU3-2 it is possible 

this compound has greater than 100 protons, in which case HRMS will prove a very useful tool in 

the elucidation of this structure. 

 Though characterization of the unknown compounds is not possible with the limited 

data presented, it is possible to compare the data with that from known compounds isolated 

from different Allium species. Table 2.15 highlights the key characteristics of proton NMR 

spectra for a variety of Allium isolates presented earlier. In general all the organosulfur 

compounds have very small molecular weights and rarely possess more than 15 protons. 

Furthermore organosulfurs have distinct allyl shifts and also have shifts around 4.0 - 3.0 ppm for 

alkyl groups attached to sulfur atoms. Compound SU6-2 likely possesses an allylic functionality 

that could be in the presence of a sulfur atom or other electron-withdrawing group. Comparing 

the acquired data to known organosulfur compounds suggests that SU6-2 may be novel even if 

it is an allylic sulfide or sulfoxide derivative. The compound possesses more protons, particularly 

in the alkyl region, compared with most known isolates. Furthermore based on the proton NMR 

there isn’t likely more than one allyl group whereas most known isolates have multiple sites of 

unsaturation. Since SU3-1 and SU3-2 appear to have greater than 20 protons and several alkyl 

protons with shifts less than 2.0 ppm, it is also very unlikely that these are organosulfur 

compounds. The molecular weights of saponins appear to be more similar to these lead 

compounds than the organosulfurs. However with saponins the majority of protons associated 

with the steroidal core are alkyl (δ < 2.0 ppm). There are also several shifts from CH protons 
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attached to oxygens in the several glycoside residues. All the isolated compounds have peaks 

that correspond with saponin compounds, however saponins have minimal alkenyl and no 

aromatic or carbonyl protons. The most important compound SU6-2 has the obvious allylic 

functionality and too few protons to possibly be a saponin. Furthermore saponins are often 

isolated from aqueous extracts, so based on the methodology employed the lead compounds 

aren’t likely from this molecular class. Looking at the miscellaneous compounds such as the 

flavonoid quercetin, the alkaloid fistulosin, and carboxylic acid tianshic acid, all only possess 

some of the chemical shift regions present in the isolated samples. Based on this quick analysis 

it is likely that the lead compounds isolated are novel isolates for the Allium genus, and this 

suggests it is worthwhile to pursue full characterization in the future. Comparison of the 

obtained spectral data with future samples will allow confirmation of isolation of the desired 

compound and provided additional confidence in the integration and interpretation of spectral 

data. 

Table 2.15: Key 1H NMR characteristics for examples of compounds isolated from Allium sp. 

Compound Key Characteristics of 1H NMR spectrum 

Organosulfurs 

Cysteine sulfoxide 54 11 H: 3 - allyl, 2 - amino, 1 - carboxylic acid 

Diallyl sulfide 58 10 H: 6 - allyl, 4 - alkyl in presence of heteroatom, symmetrical 

Ajoene 59 14 H: 8 - allyl, 6 - alkyl in presence of heteroatom 

Saponins 

Saponin 66 74 H: majority - alkyl (2.1 - 0.8 ppm), presence of heteroatom  

(5 - 3 ppm includes glycoside residues) 1 - alkenyl proton 

Saponin 68 60 H: majority - alkyl (2.1 - 0.8 ppm), presence of heteroatom  

(5 - 3 ppm includes glycoside residues) 1- alkenyl proton 

Others  

Flavonoid 69 10 H: 5- aromatic (8.0 - 6.0 ppm), 5- hydroxyl  

Alkaloid 70 43 H: 1 - amine (10.8 ppm), 4 - aromatic (8 - 7 ppm), 38 - alkyl  

(1 - 2.4 ppm, rest < 1.8 ppm) 

Carboxylic acid 71 34 H: 2 - alkenyl (5.7 ppm), 3 - alkyl in presence of hydroxyl  

(4.0 -3.4 ppm), rest alkyl. Carbon has acidic carbon at 178 ppm. 
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2.3 Conclusions 
 

A method has been developed to successfully extract the active constituents of the 

provided plant sample. After successive purification the active constituents have been identified 

and preliminary data collection has begun. There is one compound (SU6-2) that is significantly 

responsible for the observed activity, two other compounds (SU3-1, SU3-2) potentially have 

activity but may be prone to degradation and also may exhibit a synergistic effect with each 

other. Based on analysis of preliminary NMR data all three compounds appear to be novel 

compared to the structure of other Allium isolates. The main compound of interest SU6-2 has a 

proton NMR spectra with some characteristics observed for many allylic organosulfur isolated 

from different Allium species, however the number of protons, lack of multiple sites of 

unsaturation and unlikeliness of symmetry as well as the quantity of alkyl protons suggests it 

may still be a novel compound. The TLC profile and proton NMR spectra of these samples will 

expedite future purifications by allowing rapid identification of fractions possessing the desired 

compounds.  

Further progress in this project was limited by sample availability. Future work should 

focus on larger scale extraction to acquire subsequent quantities of the active constituents, 1 g 

of pure isolate may require about 70 kg of crude plant material. After the activity of pure 

samples has been confirmed efforts towards optimization of the purification procedure can be 

made, as well as compound characterization. Other extraction and purification techniques can 

be employed, these are described in chapter 1 and may include distillation, a soxhlet apparatus, 

super-critical fluids, prep-TLC, SPE, and other chromatography techniques. With sufficient 

quantities of pure active compound the unknown structure can be elucidated by 1D and 2D 

NMR, IR and MS. Furthermore crystallization, which may require compound derivatization, will 
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allow confirmation of structure and any stereochemistry by x-ray crystallography. Once the 

structure is established the project can be expanded in several directions including the 

development of synthetic analogues and the screening of multiple bacterial species. 

2.4 Experimental 

2.4.1 General Information 

Materials: Plant material was harvested, macerated and then immediately frozen by the 

Li group, University of Guelph. The material was thawed at room temperature overnight 

before extraction. All solvents 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. 

Precoated silica gel 250 µm F-254 analytical TLC plates from Silicycle were used for TLC 

analysis.  TLC plates were analyzed with p-anisaldehyde stain, prepared from standard 

procedures, and a 254 nm UV lamp. 

Screening: The bacterial radial growth inhibition screens were performed by the Li 

group, University of Guelph, and were carried out by standard procedures. All screens 

were performed on one species of Gram positive bacteria, unless otherwise noted. 

Samples were dissolved in 300 µL of ethyl acetate and 100 µL is loaded for each assay. 

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

MHz spectrometer. Chemical shifts for 1H NMR spectra are reported in parts per million 

(ppm) from tetramethylsilane with the solvent as the internal standard 

(deuterochloroform: δ 7.26 ppm). Chemical shifts for 13C NMR spectra are reported in 
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parts per million (ppm) from tetramethylsilane with the solvent as the internal standard 

(deuterochloroform: δ 77.0 ppm).  Normal phase preparative HPLC was carried out on a 

manual injection instrument consisting of a Waters Prep LC 4000 with a Waters 2487 

dual λ absorbance detector, and a Water  CM 8x100 prepLC  adial-PAK column holder 

(S/N A07RCM823M) with a Radial-PAK type 8NVS16U normal phase column cartridge 

(lot # T109X01). 

2.4.2 Extraction 

 

The general extraction procedure is highlighted by the flowchart presented in figure 

2.14, graphical representation of the extraction is also provided in section 2.4.3. A typical 

extraction proceeds as follows: 500 g of macerated plant material was stirred in 1 L of hexanes 

and 500 mL water for 2 hr. The mixture was separated into respective phases and the organic 

portion, including plant matter, was filtered through 2 layers of cheese cloth. The cheese cloths 

and any collected plant matter are soaked in EtOAc overnight, the EtOAc solution is then 

washed with water, the resulting organic extracts can be dried, filtered and combined with the 

other concentrates. After filtering the resulting filtrate was separated by separatory funnel, the 

aqueous fraction was combined with the aqueous sample collected prior to filtering and was 

washed with 3 portions of hexanes (500 mL each), the resulting organic fractions were 

combined. During this portion of the extraction any unfiltered plant material tends to portion 

between the organic and aqueous phases, it was drained into the aqueous fractions for 

subsequent extraction by solvent. The organic extract was rinsed with water, brine, dried with 

MgSO4, filtered, and concentrated by rotary evaporation under vacuum.  The resulting aqueous 

fractions were further extracted and washed with diethyl ether (Et2O), and then ethyl acetate 

(EtOAc), following the same procedure as above. Extraction yielded 1.4 g of combined organic 
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fractions (0.3% yield) containing ≥ 10 compounds, based on TLC and HPLC (% mass by extraction 

solvent- 61% hexanes, 24% ether, 15% ethyl acetate). 

 

Figure 2.14: Extraction of provided plant material 

 

2.4.3 Graphical representation of extraction procedure 

The following photographs were taken during the extraction procedure described in 

section 2.3.4.2 and are presented to help facilitate future extractions. 
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1) Start of extraction: Stir with solvent and water, separate the phases. 
 

A) Initial separatory funnel separation of 

organic and aqueous phases, before 

filtering with cheese cloth. Organic phase 

is bright green and aqueous is brownish-

yellow.  

 

B) Initial stirring of crude plant material, 

water and organic solvent.  

 

 

 

 

 

2) Filtering of organic phase through cheese cloth 
 

   

 

 

 

 

 

 

 

C) Filtering of the initial organic extract and plant material. The top layer is the clear deep 

green organic layer. The middle green layer has lots of plant matter. A yellow aqueous 

layer is present at the bottom of the filter flask, this is because the presence of plant 

material makes initial separation difficult. Typically the top layer is decanted and 

washed, and the bottom two are further extracted. 

D) After filtering the cheesecloths still contain lots un-extracted material, so they are saved 

and soaked in EtOAc overnight. 

 

A 

B 

D 

C 
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3) After filtering the top organic portion is decanted, washed, dried and filtered. The 

aqueous layer and plant material are serially extracted by organic solvents. 

 

E) Aqueous phase after complete 

extraction with hexanes, diethyl 

ether, and ethyl acetate. 

F) Collected organic portion prior to 

drying and concentration. 

 

 

 

 

 

4) Upon drying all organic extracts were concentrated and then purified by column 

chromatography. In the experimental it is mentioned that the purification can be 

monitored by color as well as TLC. 

 

   
G) TLC of extracts from hexanes, Et2O, EtOAc (LtoR), it is evident that several compounds 

have a very distinct color without staining, and that with anisaldehyde even more 

compounds are visible. 

 

H) Fractions collected after initial column, the distinct colors of fraction can be used to 

combine like fractions, this correlates well with observations by TLC. 

 

I) Examples of various coloured fractions from each row presented in H.  

 

E F 

G H I 
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2.4.4 Purification 

 

The organic concentrates obtained from initial extraction were further purified by 

column chromatography. The goal of the first column after extraction is to yield fractions 

consisting of compounds of predominantly similar Rf values. To achieve purity typically multiple 

trials of column chromatography followed by prep-HPLC are required. A procedure to isolate the 

most active constituent SU6-2 will be described. During the process of purification it is useful to 

monitor the separations by color of the fractions in conjunction with TLC analysis, they often 

correlate remarkably well.  

A 1.4 g sample of combined extraction concentrates was purified by column 

chromatography. A gradient elution of 10/30/50/70/100% EtOAc/Hexanes was used to fraction 

the crude samples (greater than 10 compounds). 6 fractions ranging in purity from 2-5 

compounds by TLC were collected. Fractions 2-4 all possessed compounds in the range of Rf- 

0.55-0.35 and were further purified. The samples were purified using column chromatography 

and eluted with 30-50% EtOAc/hexanes. Purification was repeated until the collected fractions 

possessed 1-2 compounds. All fractions possessing an UV active spot with a Rf close to 0.4, that 

doesn’t stain by anisaldehyde, were combined for further purification. A mixture of the desired 

compound and 2 other lower polarity compounds by TLC was purified by Prep-HPLC. 6 mg of 

sample was dissolved in 0.4 mL of mobile phase and loaded onto the normal-phase prep-HPLC. 

The separation required a flow rate of 2 mL/min using gradient elution with an 

isopropanol/hexanes mobile phase system. The gradient is presented in table 2.16.  The 

separation was monitored by an in-line UV detector and confirmed by TLC. The desired 

compound was isolated in fractions collected between 4-5 minutes. Overall 2.2 mg of pure 

compound SU6-2 was isolated. 
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Table 2.16: Prep-HPLC gradient elution program 

Solvent composition  Run Time (min) 

1:99- IPA/Hexanes 0.00 

2:98- IPA/Hexanes 4.00 

10:90- IPA/Hexanes 8.00 

1:99- IPA/Hexanes 11.00 

1:99- IPA/Hexanes 20.0 (end) 
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Chapter 3: Ruthenium Catalyzed Homo Diels-Alder [2+2+2] 

Cycloadditions Between Alkynyl Phosphonates and 

Bicyclo[2.2.1]hepta-2,5-diene 
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3.1 Introduction 
 

Cycloadditions provide an efficient and powerful method for the formation of carbon-

carbon bonds, such methodology is invaluable to any synthetic chemist. Trost highlighted the 

importance of cycloadditions as a means of providing synthetic efficiency. These reactions 

provide high levels of selectivity and minimize waste by limiting side reactions and unwanted 

products, a concept known as “atom economy”.1 Cycloadditions may be promoted by heat, 

light, sonication, high pressure and Lewis acids, and commonly produce 3- to 8- membered 

rings.2 The implementation of transition metals to achieve cycloadditions has afforded 

numerous catalytic pathways resulting in high yields and controllable selectivities involving a 

variety of substrates.  

3.1.1 Cycloadditions of Bicyclo[2.2.1]hepta-2,5-diene 

 

Bicyclo[2.2.1]hepta-2,5-diene 72, commonly known as norbornadiene (NBD), was 

discovered in 1951.3 It is a bridged bicyclic [2.2.1] alkene, and this class of substrates has 

exhibited considerable value as intermediates in synthetic organic chemistry.4 NBD and other 

related bicyclic structures are commonly employed towards the construction of more complex, 

highly substituted ring structures. The structure of norbornadiene yields unique properties, this 

has led to its adoption as a substrate in a variety of reactions, particularly cycloadditions. 

 

Figure 3.1: Structure and homoconjugation in norbornadiene  
 



94 
 

Cycloadditions can occur from one of two unique faces of norbonadiene, the exo and the 

endo face, figure 3.1. The molecule contains two double bonds separated by a sp3 carbon, these 

olefins are homoconjugated. Homoconjugation occurs due to the bridged structure which 

promotes ‘through-space’ interaction between the olefins influencing their reactivity, figure 

3.1.5 Furthermore, there is significant strain energy in NBD (25.6 kcal/mol), which is believed to 

contribute to the observed reactivity patterns of norbornadiene in cycloaddition reactions.6 

 

Scheme 3.1: Examples of cycloadditions involving only one norbornadiene olefin 

 
Scheme 3.1 presents numerous variations of transition metal catalyzed cycloadditions 

involving one of the norbornadiene π-bonds.3 These reactions are denoted as [2+n] 

cycloadditions, which is representative of the number of atoms involved in the cycloaddition 

and the resulting ring. These examples demonstrate the versatility of norbornadiene as a 
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substrate for cycloadditions since it is reactive with several types of substrates and catalytic 

systems, allowing the formation of 3-, 4-, 5- and 6- membered rings.  The Tam group has 

focused much of past attention exploiting [2+2] cycloadditions of norbornadiene and other 

related bicyclics, for the formation highly strained cyclobutene rings from a variety of alkynyl 

substrates.7 

 

Scheme 3.2: Examples of cycloadditions involving both olefins of norbornadiene 

 
When both norbornadiene double bonds are involved in cycloadditions the reaction is 

denoted as a [2+2+n] cycloaddition, examples are presented in scheme 3.2 above.3 Of interest is 

the homo Diels-Alder (HDA) cycloaddition, which is an addition between NBD and alkynes 

(scheme 3.2 c) or alkenes (scheme 3.2 h). The HDA cycloaddition produces a tetracyclic structure 

containing three 5-membered rings and a strained cyclopropane. 
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3.1.2 The Homo Diels-Alder Cycloaddition of Bicyclic Alkenes 

 

The Diels-Alder reaction was formulated in 1928 and still remains one the most common 

tools for C-C bond formation in organic chemistry, especially in the generation of six member 

rings.8  The Diels-Alder reaction is a concerted process with a direct reaction pathway, and 

proceeds through a single transition state with no intermediates. Overall two bonds are formed 

between a diene and a dienophile, figure 3.2a.9 The reaction is a [4 +2] cycloaddition, a process 

which involves the highest occupied molecular orbital (HOMO) of the diene interacting strongly 

with the lowest unoccupied molecular orbital (LUMO) of the dienophile, figure 2b, the reverse 

interaction occurs in inverse-demand Diels-Alder cycloadditions. The position, steric, and 

electronic nature of the substituents on both the diene and dienophile drastically affect the 

stereochemistry of the resulting product. The ability to produce highly selective cycloadducts 

with a large variety of substrates has promoted the general application of the Diels-Alder 

reaction.  

 

Figure 3.2: Outline of Diels-Alder cycloaddition and of the molecular orbitals involved in the 
cycloaddition 

 

Unlike the Diels-Alder [4+2] cycloaddition, the homo Diels-Alder [2+2+2] cycloaddition 

(HDA) has not been extensively studied in literature, nor has it found general applicability. The 

reaction is similar to the Diels-Alder reaction, it is an addition between a diene and dienophile 

yielding a new 6 membered ring. The unique bicyclic structure of NBD requires the formation of 
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two new rings, a cyclopropane and a cyclopentane, overall creating a quadricyclic carbon 

framework known as deltacyclane, figure 3.3. 

 

Figure 3.3: Comparison of Diels-Alder and homo Diels-Alder cycloadditions 

First documented as a thermal-promoted process in 1958 by Ullman, the homo Diels-

Alder cycloaddition has been explored exclusively with norbornadiene and its substituted 

derivatives. It occurs by both thermal and transition metal catalyzed processes, with a variety of 

alkene and alkyne dienophiles.10 Soon after Ullman, other examples of thermal HDA reactions 

were presented by Blomquist11  and Hall,12 highlighted in scheme 3.3. 

 

Scheme 3.3: Early examples of the thermally promoted homo Diels-Alder cycloaddition 

 

There are many similarities amongst the early examples of thermally initiated HDA 

cycloadditions.  In order to proceed all required extreme conditions and dienophiles with very 

electron poor π-systems, activated by strongly electron withdrawing substituents. Higher yields 

and milder conditions were achieved upon the discovery of transition metal catalyzed HDA 
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reactions. With these improvements the homo Diels-Alder [2+2+2] cycloaddition could be 

systematically studied as a useful synthetic reaction.  

3.1.3 Transition Metal Catalyzed Homo Diels-Alder Cycloadditions 

 

The application of transition metal catalysts to achieve the homo Diels-Alder 

cycloaddition allowed for the reaction of electron rich olefins, opposed to those possessing 

strongly electron-withdrawing groups. In addition milder reaction conditions, shorter reaction 

times, and increased control of product selectivity were demonstrated. Generally in metal 

catalyzed cycloadditions the metal complexes with the substrates, changing their reactivity. One 

example is temporarily polarizing unactivated species, allowing reactions to proceed which are 

typically blocked or limited under metal-free conditions.2 The usefulness of transition metal 

catalysts can be further enhanced through enantioselective control, often achieved with the 

application of chiral ligands. 

In the past thirty years several reports of transition metal catalyzed homo Diels-Alder 

reactions have been presented by multiple groups. In particular cobalt13 and nickel14 catalysts 

have been thoroughly studied, although there are reports of HDA and similar [2+2+2] reactions 

using ruthenium, rhodium, iron and a cobalt-zinc co-catalyst system.15 Scheme 3.4 presents a 

generalized mechanism for the metal-catalyzed [2+2+2] cycloaddition of norbornadiene with 

alkenes or alkynes, and is based on the results of studies involving either cobalt or nickel 

catalysts. 
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Scheme 3.4: Proposed general mechanism of transition metal catalyzed HDA [2+2+2] 

cycloaddition 

In scheme 3.4 both the diene and dienophile first become coordinated to the metal 

centre. Studies using Ni- and Co- catalysts have suggested that the diene prefers to coordinate 

in the bidentate manner presented.16 The formation of metallacycle A leads to the closing of the 

cyclopropane ring, followed the insertion of the dienophile producing B. The cycloaddition 

completes upon reductive elimination producing free active catalyst and the resulting 

adduct.13a,17  

3.1.3.1 Cobalt Catalyzed Homo Diels-Alder Cycloadditions 

   

Early work on the HDA reaction found little synthetic application due to lack of substrate 

generality and a competing [2+2] cycloaddition that occured dependent on conditions 

employed. For example the use of alkyl substituted as opposed to aryl substituted alkynes led to 

limited amounts of the desired HDA addition and high amounts of NBD homocoupling.13a,18 

These limitations were improved upon with the discovery of the cobalt catalyzed HDA reaction. 
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Scheme 3.5: First example of cobalt catalyzed HDA [2+2+2] between unactivated acetylenes 

and NBD  

 

The study of cobalt as a catalyst for homo Diels-Alder reactions was first initiated in the 

late 1970s by Lyons, scheme 3.5.13a These studies involved disubstituted alkynes which are 

typically poor dienophiles, and thus previously had only limited use in cycloaddition reactions.19  

The reaction conditions were milder than thermal processes and were found to provide [2+2+2] 

adducts exclusively, though yields and selectivity were moderate.  

 

Scheme 3.6: Cobalt catalyzed HDA cycloadditions of norbornadiene and various dienophiles 
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More recent investigations into cobalt catalyzed homo Diels-Alder cycloadditions of 

norbornadiene have produced high yields using multiple unique catalytic systems with various 

dienophiles, some examples are presented in scheme 3.6. The Lautens group performed 

multiple studies providing insight into the regiochemistry, stereochemistry, and 

enantioselectivity of the cobalt-catalyzed HDA reaction.13b-f The optimized system is presented in 

scheme 3.6a, it consists of azeotropically dried Co(acac)3 (1-5 mol%), 1 equivalent of 1,2-

bis(triphenylphosphino)ethane (DPPE),  4 equivalents of Et2AlCl, solvated in benzene and 

reacted at room temperature.13b Using this system a variety of alkyl and aryl-substituted 

acetylenes were reacted providing HDA adducts 78 in good to excellent yields. The introduction 

of a chiral phosphine ligand such as S,S-chiraphos allowed the generation of highly 

enantioselective products from the [2+2+2] reaction of terminal alkynes and from the [4+2+2] 

reaction of substituted 1,3-dienes with NBD, scheme 3.6 b,c respectively.13c,e With terminal 

alkynes moderate to high enantioselectivities were achieved for the [2+2+2] cycloaddition, 

increasing steric bulk of the acetylene led to decreased selectivity whereas the presence of a 

remote oxygen (e.g. R= (CH2)3CH2OR’) promoted high enantioselectivity. The [4+2+2] reaction of 

2-substituted butadienes saw lower yields than the [2+2+2] variant, but good 

enantioselectivities were still achieved with the (R)-Prophos ligand, scheme 3.6 c. Regiochemical 

investigations catalyzed by Co(acac)3 were also undertaken using 7-substituted and 2-

substituted norbornadienes. High yields were obtained for both, though overall selectivities 

were quite low, this contrasts the high selectivities observed with similar studies involving nickel 

catalysts.13f Based on the same cobalt catalytic system an intramolecular variation of the 

reaction was demonstrated, scheme 3.7.13d  
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Scheme 3.7: Cobalt catalyzed intramolecular HDA [2+2+2] cycloaddition of alkyne-tethered 
norbornadiene 

 

Intramolecular reactions can provide the benefit of reduced entropy, leading to higher 

yields. However the substitution of an alkenyl carbon in NBD has been shown to reduce 

reactivity towards cycloadditions. A similar outcome was observed by Lautens, the 

intramolecular Co-catalyzed HDA cycloaddition was reported to occur with moderate yields and 

were typically lower than the intermolecular variation for a given substrate.10,13d Furthermore, 

tethers containing only 3 carbons led to higher yields than those with 4 carbons for all tethered 

alkynes examined.  

A different cobalt catalyst system was developed by the Cheng group in the early 1990s. 

This system consisted of [CoI2(PPh3)n] (n=1 or 2) and zinc powder, in dichloromethane.13g These 

conditions allowed for cycloadditions to occur at room temperature, yields similar to those of 

the Lautens group were achieved for additions between terminal alkynes and NBD, scheme 

3.6d. This cobalt-zinc combination has been recently exploited by other groups and was found 

to promote the [4+2+2] homo Diels-Alder cycloaddition when butadiene was used as an 

dienophile, scheme 3.6e.13h-j Enantioselective studies using (S)-(+)-ValNOP as a chiral ligand 

achieved high selectivities for a variety of oxygen-substituted terminal alkynes, scheme 3.6f.13k 

Cobalt was found to be a useful catalyst for [2+2+2] HDA cycloadditions between 

terminal alkynes and NBD, and the [4+2+2] addition of 1,3-dienes with NBD. Two unique catalyst 

systems developed almost concurrently by Lautens and Cheng allow this cycloaddition to occur 
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in good yields and typically moderate selectivities.  The cobalt catalyzed systems were great 

improvements on the thermally promoted homo Diels-Alder reaction and thus are optimal for 

comparison to other transition metal variations of this reaction.  

3.1.3.2 Nickel Catalyzed Homo Diels-Alder Cycloadditions 

 

Nickel has received much of the same attention as cobalt as a catalyst for homo Diels-

Alder reactions. The major difference between studies of nickel and cobalt systems is that those 

involving nickel generally employ alkene dienophiles and cobalt require alkynyl. Studies on the 

enantioselective and regioselective outcomes of nickel catalyzed systems also demonstrated 

much greater capacity to produce high selectivities. Initial studies of nickel catalysis involved 

Ni(CO)4, Ni(CO)2(PPh3)2, Ni(CH2CHCN)2/2PPh3 and were found to promote the reaction at 

reduced temperatures with higher yields compared to the thermally promoted reaction.20 

Higher selectivities of the [2+2+2] adduct over the competing [2+2] cycloaddition were also 

observed with the nickel catalyzed systems compared to the thermal variants.  

The study of the nickel catalyzed HDA [2+2+2] of bicyclic alkenes and substituted alkene 

dienophiles was advanced in the late 1980’s by the Lautens group.10,14a A summary of the 

optimized catalytic system developed is presented in scheme 3.8, and involves 5-10 mol % nickel 

catalyst, two equivalents of PPh3 with respect to Ni, dichloroethane as a solvent and a 

temperature range of rt-80 °C.  
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Scheme 3.8: Optimization of nickel catalyzed HDA cycloaddition of NBD and substituted 
alkenes by Lautens et al. 

After optimization further studies of this reaction included investigations into the effects 

of diene and dienophile substitution on the regioselective and stereoselective outcomes of this 

cycloaddition.10,14b,c The Lautens group performed multiple regioselectivity studies using both 2-

substituted and 7-substituted norbornadienes in the Ni-catalyzed HDA reaction. These studies 

expanded the scope of the reaction to electron deficient alkene dienophiles, provided milder 

conditions and higher yields than the thermal process, and showed improved selectivity 

compared with the cobalt-catalyzed reaction. The study of both nickel and cobalt catalyzed 

homo Diels-Alder [2+2+2] cycloadditions led several authors to investigate potential uses of the 

resulting cycloadducts. The majority of investigations have focused on cleaving bonds within the 

cycloadducts to yield diquinanes and triquinanes, these structures are at the core of some 

natural products. 

3.1.3.3 Cleavage of HDA Cycloadducts to Diquinanes and Triquinanes 

 

The studies by Lautens and co-workers on cobalt and nickel HDA reactions were 

performed as means of developing highly substituted deltacyclane structures which could be 

selectively opened to useful fused ring diquinane and triquinane structures. The opening of 

cyclopropanes had been established by multiple groups, and would lead to a brendane structure 

which could be further opened to the desirable diquinane structure, scheme 3.9.  Originally this 

was perfomed by two methods, Nickon used an acid promoted reaction yielding a mix of 
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brendane and brexane structures, which could be converted to diquinanes by Haller Bauer 

methodology.21 Lautens used a more specific Hg(II) opening of the cyclopropane to the desired 

brendane exclusively, followed by reductive opening of a lactone involving the Baeyer-Villiger 

method, scheme  3.9.22 

 

Scheme 3.9: The Lautens oxymercuration-demercuration and Baeyer-Villiger mediated 
opening of HDA adduct as route to highly substituted diquinanes.22 

More recently, the Snyder group has presented several examples of deltacyclane 

cyclopropane cleavage using a Pt catalyzed process followed by ring opening mediated by 

ozonolysis, scheme 3.10.23 The conditions employed by Snyder offer the advantage of avoiding 

toxic metals such as mercury and chromium, as well generally employing fewer steps to reach 

the desired open product. However, unlike the Lautens methodology, the Snyder Pt-cleavage 

yields a mixture of the brendane and brexane structures, but the ratio of ring opened products 

can be influenced by ring substitution, particularly at the 2- and 7- positions of norbornadiene. 

Scheme 3.10 presents the synthesis of the natural product portulal using a [4+2+2] HDA 

cycloaddition followed by Pt catalyzed ring opening.24 
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Scheme 3.10: Snyder group synthesis of Portulal using Zeisses’ Dimer to mediate opening of a 

HDA [4+2+2]  cycloadduct24 

 

3.1.4. Ruthenium Catalyzed [2+2+2] Cycloadditions 

 

The group 8 transition metal ruthenium, has gained considerable attention in recent 

decades as a versatile catalyst for a variety of important organic transformations.25 Ruthenium 

has a broad range of oxidation states Ru(CO)4
2- (-2) to RuO4 (+8), and can exist in multiple 

geometries.26 The majority of documented reactions concerning ruthenium involve either the Ru 

(+2) or Ru (+4) oxidation states. Ruthenium has many unique characteristics such as low redox 

potential, high electron transfer ability, Lewis acid acidity, and exists in several types of reactive 

intermediates.27 These intermediates include oxo-metals, π-allyl systems, ruthenacycle 

complexes and metal carbenes. The classification of ruthenium catalysts can be generalized 

based on the types of ligands present, examples include carbonyl, phosphine, cyclopentadienyl 

(Cp), arene/diene, and carbene ligands.  The ability to exploit the range of ruthenium oxidation 

states and multiple geometries through ligand tuning has led to a large variety of reactions 

catalyzed by ruthenium. These reactions include hydrogenation and oxidation, both of which are 

regularly performed on an industrial scale. Reactions such as carbon-carbon bond formation,    
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C-H activation and bond cleavage have received considerable attention recently. The 

importance of ruthenium catalyzed C-C bond formation was demonstrated with the award of 

the 2005 Nobel Prize for the olefin metathesis reactions, which included the ruthenium based 

Grubbs catalyst.28  

Apart from metathesis reactions involving carbene intermediates, most of the other 

carbon-carbon bond forming reactions, such as the homo Diels-Alder reaction, will involve a 

ruthenacycle intermediate.26 Metallacycles are carbocylic systems consisting of at least one 

metal atom and are common intermediates of organometallic reactions, scheme 3.4B (p 97). 

The metallacycle structure contains two reactive metal-carbon bonds allowing the construction 

of useful organic molecules. A ruthenacycle intermediate has been used to describe multiple 

ruthenium catalyzed C-C bond forming reactions such alkyne cyclotrimerization, alkyne-alkene 

coupling, cyclopropanation, intramolecular [5+2] reactions and the [2+2] formation of 

cyclobutanes.27  

The cyclotrimerization of alkynes is a [2+2+2] reaction and was found to be a selective 

route to structures containing substituted benzene rings. These were some of the first carbon-

carbon bond forming reactions using ruthenium studied and date back to the 1960s.29 Typically 

these reactions involved the formation ruthenacyclopentadiene metallacycle intermediate as 

presented in scheme 3.11. The reaction has been carried out with many examples both inter- 

and intramolecularly.30  
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Scheme 3.11: Intermolecular and intramolecular ruthenium catalyzed [2+2+2] alkyne 
trimerization cycloadditions 

Another ruthenium [2+2+2] reaction is the bis-homo Diels-Alder reaction. Originally 

presented by Trost in 1993, this reaction represented the first time that COD (1,5-

cyclooctadiene), a common ligand, served as a diene partner in a Diels-Alder like reaction, the 

mechanism was later confirmed by computational studies.15b,31 An overview of the reaction and 

a proposed ruthenacycle intermediate is presented in scheme 3.12 below. The reaction allowed 

for a variety of disubstituted alkynes to undergo cycloaddition in moderate to excellent yields 

with good chemoselectivity.  It was found that reactivity was decreased by the presence of 

electron withdrawing groups as well as with increasing sterics. 

 

Scheme 3.12: Ruthenium catalyzed [2+2+2] bis homo Diels-Alder cycloaddition involving a 
ruthenacycle intermediate. 

More recently a ruthenium catalyzed homo Diels-Alder [2+2+2] reaction and its 

intramolecular variant was presented by Tenaglia.15c,d The initial goal of the study was to 

catalyze a HDA reaction involving unreactive disubstituted alkynes, a feature previously limited 

when other metallic catalysts were used. Using 2-butyne-1,4-diol as a model alkyne and 

norbornadiene the group screened various ruthenium catalysts and were able to optimize the 

reaction sequence presented in scheme 3.13. A variety of disubstituted alkynes were reacted 
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and underwent the homo Diels-Alder reaction producing [2+2+2] cycloadducts in yields ranging 

from 21-96%. A mechanism involving a ruthenacycle intermediate was used to describe the 

observed reactivity in the study.  

 

Scheme 3.13: Ruthenium catalyzed [2+2+2] HDA cycloaddition between NBD and disubsituted 

alkynes 

Using the same conditions previously determined, Tenaglia and Gaillard demonstrated 

an intramolecular variant of the HDA [2+2+2] involving alkyne-tethered norbornadienes. Unlike 

the cobalt intramolecular reaction the ruthenium catalyzed HDA resulted in high yields up to 

98%. Importantly, the reaction provided an extremely facile route to a highly substituted angular 

triquinane structure, scheme 3.14.  

 

Scheme 3.14: Ruthenium catalyzed intramolecular [2+2+2] HDA cycloaddition of alkyne-

tethered norbornadienes 

It is obvious that ruthenium has the potential for being a powerful catalyst to achieve 

the homo Diels-Alder [2+2+2] cycloaddition. It is desirable to expand the scope of this reaction 

to include unreactive, yet biologically relevant substrates such as alkynyl phosphonates.  
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3.1.5. Alkynyl Phosphonates  

 

Phosphorous demonstrates diverse and significant biological importance. In living cells it 

is essential to energy storage and transport in the form of ATP, it is also a key component of cell 

walls and other important cellular structures. Phosphorous containing compounds have found 

applications in pharmaceuticals as well as being essential to other chemical industries such as 

fertilizers. Phosphorous exists predominately in (+3) oxidation states, PR3 (phosphine) and 

P(OR)3 (phosphite), and  (+5) oxidation states, O=P(OR)R2 (phosphinate) and O=P(OR)3 

(phosphate).32 The phosphonate functionality O=P(OR)2R, is of particular interest to synthetic 

chemists as it is generally more robust than other P(+5) species. Phosphinates readily oxidize to 

phosphonates and the phosphate functionality containing a C-O-P bond is more vulnerable to 

hydrolysis than the C-P bond in compounds containing phosphonate analogues.33 The 

phosphonate group can also be modified by established procedures to a wide variety of other 

phosphorous groups including phosphines.34 Phosphines are generated by reduction of 

phosphonates and can undergo a wide variety of reactions; the phosphonate moiety is also 

essential for the Horner-Wadsworth-Emmons (HWE) method of olefination.35  

Vinyl phosphonates have been found to be important biomolecules in metabolic 

processes, as anticancer and antiviral drugs, as well as antibacterial and antifungal compounds.36 

Alkynyl phosphonates present an opportunity to introduce a vinyl phosphonates into a highly 

substituted ring system through a homo Diels-Alder [2+2+2] cycloaddition. Alkynyl 

phosphonates have been synthesized using a few different methods. A common method is the 

Michealis-Arbuzov reaction which introduces the desired phosphite to a terminal alkynyl halide 

scheme 3.15a.37 A chlorophosphonate may be introduced using the corresponding Grignard 

reagent and an alkynyl halide, scheme 3.15b.38 A simple method was developed by Oh et al. and 
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refined by Cockburn, it uses a strong base (nBuLi or LDA) to deprotonate a terminal alkyne, the 

carbanion is then trapped with a chlorophosphonate electrophile, scheme 3.15c.39, 40 An 

additional method involves the palladium catalyzed coupling of a dibromo alkene, readily 

obtained by Corey-Fuchs methodology, with an H-phosphonate, scheme 3.15d.41 

 
Scheme 3.15: Various synthetic routes to alkynyl phosphonates 

The use of alkynyl phosphonates in the realm of synthetic chemistry has generally been 

for the generation of vinyl phosphonates using reduction reactions, however there are examples 

of alkynyl phosphonates used in cycloadditions. Examples of thermally promoted [2+2] 

cycloadditions, followed by spontaneous electrocyclic ring opening to 7-member rings, and 

thermal [3+2]  cycloadditions of alkynyl phosphonates have been reported.42,43  A rhodium 

catalyzed [2+2+2] alkyne trimerization as a route to potential ligands resembling BINAP, and a 

Mo-catalyzed [2+2+1] Pauson-Khand cycloaddition were the first reports of transition metal 

catalyzed cycloadditions of alkynyl phosphonates.44,45 Copper and ruthenium were individually 

used to catalyze the cycloaddition between terminal alkynyl phosphonates and the azide 

functionality of azidoalanine to yield several phosphohistidine analogues.46 Recently Cockburn 

and Tam provided insight into the formation of cyclobutene derivatives from the Ru-catalyzed 

[2+2] cycloaddition of alkynyl phosphonates and bicyclic alkenes.40 It was during the course of 

this study that the inspiration for the current research proposal stems. 
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3.2 Results and Discussion 
 

Recently Cockburn and Tam reported [2+2] cycloadditions between bicyclic alkenes and 

electron deficient alkynyl phosphonates catalyzed by Cp*RuCl(COD). Alkynyl phosphonates were 

found to be less reactive than other heteroatom containing alkynes, requiring relatively long 

reaction times and a higher reaction temperature, scheme 3.16.40  

 

Scheme 3.16: Ruthenium catalyzed [2+2] cycloadditions between bicyclic alkenes and alkynyl 

phosphonates 

 
To achieve a faster rate of reaction, optimization studies of the various reactions 

parameters were undertaken, including screening of a variety of solvents. When polar aprotic 

NMP was used as a solvent it was found that the expected [2+2] cycloadduct was not formed, 

instead only the [2+2+2] HDA cycloadduct was observed. This is the first example of a homo 

Diels-Alder cycloaddition involving alkynyl phosphonates and the only heteroatom-substituted 

alkyne other than silicon to undergo this mode of reaction.10,13g,h  In this section the studies of 

the ruthenium catalyzed homo Diels-Alder [2+2+2] cycloadditions between alkynyl 

phosphonates and bicyclo[2.2.1]hepta-2,5-diene are reported.47 

3.2.1 Reaction Optimization 

 

The observed HDA [2+2+2] cycloaddition between alkynyl phosphonate 122a, 

synthesized by our previously reported method,40 and norbornadiene 72 was optimized.  The 

optimization experiments were performed with a 2 hour reaction time and were monitored by 
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31P NMR. Initially a series of solvents and temperatures were screened for their ability to 

promote the previously described HDA [2+2+2] cycloaddition, table 3.1.  No evidence of any 

reaction was observed at temperatures below 100 °C, however once the temperature was 

elevated to 150 °C the homo Diels-Alder cycloadduct 123a was observed, though some starting 

alkyne was still present (entries 1 and 2). The desired cycloadduct was obtained in 92% yield and 

complete consumption of starting alkyne was observed at 160 °C with NMP (entry 3).  To 

evaluate the effect of solvent, a variety of other high boiling solvents were screened at 160 °C 

(entries 3-8). Similar to NMP, polar aprotic solvent DMF (entry 4) yielded some HDA adduct 

123a, though the yield was lower, 53%, and selectivity was reduced since 12% of the [2+2] 

adduct 124a was also observed. Mesitylene and diglyme (entries 5 and 6) were investigated as 

examples of non-polar solvents, both provided some [2+2] adduct 124a in low yields, however 

mesitylene, similar to DMF, preferentially provided HDA cycloadduct 123a in good yield. DMSO 

(entry 7) provided no evidence of either cycloadduct 123a or 124a, the crude 1H NMR spectrum 

and TLC showed decomposition of the alkynyl phosphonate.  Polar protic ethylene glycol (entry 

8) did not provide any evidence of either cycloadduct, and like DMSO the crude 1H NMR 

spectrum and TLC demonstrated decomposition of starting alkyne 122a.  When using dioxane as 

a solvent or running the reaction neat in norbornadiene 72, only [2+2] cycloadduct 124a was 

formed.40 It is clear that NMP is the optimal solvent to promote the preferential formation of 

homo Diels-Alder adduct 123a in high yield. 
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Table 3.1: Optimization of solvent and temperature for Ru-catalyzed HDA [2+2+2] 

cycloadditions of norbornadiene 72 with 1-phenylethynyl phosphonate 122a 

 

Entry T(°C) Solvent 
Yield (%) a 

123a 124a 

1 100 NMP 0b 0 
2 150 NMP 70b 0 
3 160 NMP 92 0 
4 160 DMF 53 12 
5 160 mesitylene 69 12 
6 160 diglyme 0b 9 
7 160 DMSO 0c 0 
8 160 ethylene glycol 0c 0 
9 100 dioxane 0 60d 

10 100 neat 0 71d 
 

a Yield by quantitative 31P NMR with internal P(OMe)3 
b Starting alkyne observed in 31P NMR spectrum 
c Starting alkyne and decomposition of alkyne observed in 31P NMR spectrum 
d The reaction mixture was stirred for 240 h, see reference 8. 
*Experiments conducted by Neil Cockburn 

 
With the confirmation of optimal solvent and temperature to promote the formation of 

the desired HDA cycloadduct a multitude of ruthenium catalysts were screened, table 3.2.  Entry 

2 shows the addition of silver triflate to Cp*RuCl(COD) in order to generate a cationic active 

ruthenium species, this was found to greatly reduce the formation of HDA adduct 123a 

compared to Cp*RuCl(COD) without an additive (entry 1). The other cationic Ru species 

examined (entry 3) was able to exclusively generate the desired HDA adduct 123a in moderate 

yield, but still was less effective than entry 1. Entry 4, a ruthenium dimer achieved exclusive 

formation of the HDA adduct 123a, however only in 7% yield. Replacing the Cp* ligand of 

Cp*RuCl(COD) with Cp (entry 5), interestingly led to the observation of only [2+2] cycloadduct 

124a in 25%, similarly replacing the Cp* ligand with Cl (entry 6) yielded 124a as the sole adduct 
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in 8%. The replacement of the COD ligand with phosphine (entries 7 and 8) eliminated reactivity 

towards either cycloadduct and only unreacted starting alkyne was observed, these systems are 

most similar to the (NBD)RuCl2(PPh3)2 catalyst used by Tenaglia for HDA reaction of 

disubstituted alkenes and norbornadiene.15c  A control experiment with no catalyst was also 

conducted (entry 9) and only unreacted alkynyl phosphonate was observed. The optimized 

conditions therefore include Cp*RuCl(COD), in NMP heated at 160 °C for 2 hours. 

Table 3.2: Screening of ruthenium catalysts for HDA [2+2+2] cycloadditions of norbornadiene 

72 with 1-phenylethynyl phosphonate 122a 

 

Entry Catalyst 
Yield (%)a 

123a 124a 

1 Cp*RuCl(COD)  92 0 
2 Cp*RuCl(COD), AgOTf 5b 0 

3 [Cp*Ru(CH3CN)3]
+ PF6

- 55b 0 

4 [RuCl2(CO)3]2 7b 0 
5 CpRuCl(COD) 0b 25 
6 RuCl2(COD) 0b 8 
7 RuCl2(PPh3)3 0c 0 
8 CpRuCl(PPh3)2 0c 0 
9 no catalyst 0c 0 

 

a Yield by quantitative 31P NMR with internal P(OMe)3 
b Starting alkyne observed in 31P NMR spectrum 
c Only starting alkyne observed in 31P NMR spectrum 
*Experiments conducted by Neil Cockburn (entries 1-8) 

 

After initial optimization studies the reaction conditions were applied to other alkynes 

to demonstrate whether the phosphonate functionality was a necessity to achieve the observed 

HDA cycloaddition, scheme 3.17. A quick screen of disubstituted alkynes resulted in the 

exclusive formation of [2+2] cycloadducts,40 suggesting that the HDA [2+2+2] cycloaddition is 
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unique to the electronics of phosphonate substituted alkynes when Cp*RuCl(COD) is used as the 

catalyst. 

 

Scheme 3.17: Attempted cycloadditions of substituted acetylenes without a phosphonate 

functionality (experiments performed by Neil Cockburn) 

 

3.2.2 Reaction Scope 

 
A variety of alkynyl phosphonates were prepared to better understand the electronic 

and steric factors influencing the observed ruthenium catalyzed HDA [2+2+2] cycloadditions 

between alkynyl phosphonates and bicyclic alkenes. All alkynes were readily prepared from 

deprotonation of commercially available terminal alkynes using LDA or LHMDS followed by 

trapping of the resulting carbanion with a chlorophosphonate.40 Low to good yields were 

achieved for the synthesis of a variety of alkynyl phosphonates, scheme 3.18.  

 

Scheme 3.18: Synthesis of alkynyl phosphonates 

The following examples of Ru-catalyzed HDA [2+2+2] cycloadditions of both aliphatic 

and aromatic substituted alkynyl phosphonates were heated for no longer than 6 hours, even if 

not all starting alkynyl phosphonate had been consumed. It was found that prolonged heating 

could lead to decomposition of both the starting alkynyl phosphonate and the HDA adduct. The 
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decomposition involved removal of the phosphonate moiety, this was observed most readily 

with alkyne 122g (R1= p-MeO-C6H4). A series of degradation studies in which alkyne 122g and 

HDA cycloadduct 123g were heated separately at 160 °C for 2 days both in the presence and 

absence of the ruthenium catalyst. In all cases the alkynes and cycloadducts showed 

decomposition; the phosphonate-free HDA cycloadduct 127 was isolated from the 

decomposition of the HDA cycloadduct 123g, scheme 3.19. To confirm the observed 

degradation product 127 is from HDA cycloadduct 123g and not produced by the HDA [2+2+2] 

cycloaddition of a degraded alkyne, the terminal acetylene analogue of alkynyl phosphonate 

122g was exposed to the optimized reaction conditions and no reaction was observed. Based on 

these observations reaction times were limited to no more than 6 hours to limit any degradation 

of substrates. 

 

Scheme 3.19: Thermal decomposition of homo Diels-Alder cycloadduct 123g 

 Alkynyl phosphonates 122a-t were subjected to optimal conditions in the presence of 

norbornadiene 72, the outcomes of the attempted cycloadditions are presented in table 3.3.  

The first few substrates presented in table 3 examine the effect of changing the substituents of 

the phosphonate moiety, R2 (entries 1-3). Decreasing the size of R2 led to a decreased yield and 

increased reaction time, dimethyl phosphonate (R2 = Me, entry 2) produced the desired HDA 

adduct 123b in 73% over 4.5 h compared to 88% of 123a in 2 hours (R2 = Et, entry 1).  
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Table 3.3: Ru-catalyzed HDA [2+2+2] cycloadditions of norbornadiene 72 with alkynyl 

phosphonates 122 a-t 

 

Entry Alk R1 R2 t(h) Yield (%)a 

1 122a Ph Et 2 88 

2 122b Ph Me 4.5 73 

3 122c Ph Ph 2 0 (24)b 

4 122d p-Tol Et 5 60 

5 122e m-Tol Et 6 37 

6 122f o-Tol Et 5 71 

7 122g p-MeO-C6H4 Et 5 64 

8 122h m-MeO-C6H4 Et 5 74 

9 122i o-MeO-C6H4 Et 4.5 61 

10 122j p-CF3-C6H4 Et 5 57 

11 122k m-CF3-C6H4 Et 5 57 

12 122l o- CF3-C6H4 Et 5 53 

13 122m 3-thiophene Et 4 48 

14 122n H Et 5.5 0 (29)b 

15 122o nBu Et 6 64 

16 122p Cy Et 5 36 

17 122q tBu Et 6 14c 

18 122r CH2OH Et 4 0 (15)b 

 

a Yield of isolated cycloadduct after column chromatography  

b Isolated  yield of [2+2] adduct, no HDA cycloadduct observed  
c Cycloadduct isolated as inseparable mixture with unreacted alkyne 
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The effects of increasing steric bulk and replacing an aliphatic group with an aromatic 

functionality on the phosphonate is demonstrated by diphenyl phosphonate 122c (R2 = Ph, entry 

3). The resulting cycloadduct of the diphenyl phosphonate 122c was not the homo Diels-Alder 

cycloadduct, instead 24% of the corresponding [2+2] cycloadduct was isolated. The effects of 

alkyne substitution were examined with several examples of aromatic alkynyl phosphonates, 

these were found compatible with the optimized reaction conditions, however all required 

increased reaction times and achieved lower yields than diethyl 1-phenylethynyl phosphonate, 

122a (entry 1). 

Examining the effects of aromatic substituents, a series o, m, and p substituted diethyl 

1-phenylethynyl phosphonates were synthesized including methyl substituted (R1 = CH3-C6H4, 

entries 4-6), methoxy substituted (R1 = MeO-C6H4, entries 7-9) and trifluoromethyl substituted 

(R1 = CF3-C6H4, entries 10-12). The biggest degree of variation in yield within a series was seen 

with the methyl substituted compounds 122d-f. Substitution at the para position produced a 

60% yield (entry 4), a meta methyl group yielded only 37% isolated product (entry 5) and an 

ortho substituent gave a good yield of 71% (entry 6). These are interesting results compared to 

our previous studies of the [2+2] cycloadditions between alkynyl phosphonates and bicyclic 

alkenes in which it was observed that a para methyl substituent produced an 83% yield whereas 

an ortho gave a much lower yield of 8%.40 Methoxy substituted phenylethynyl phosphonates 

122g-i (entries 7-9) gave comparable yields as the methyl substituted substrates 122d-f, 

however the relative reactivity of o, m, p substitution appears to follow an opposite trend. The 

highest yield was observed with a meta-methoxy substituent (74%, entry 8), the para (entry 7) 

and ortho (entry 9) gave slightly lower yields of 64% and 61% respectively. Finally the effects of a 

strong electron withdrawing group, trifluoromethyl, on the phenylethynyl phosphonate were 

examined. Yields were comparable but in general slightly lower than was observed for both 
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methyl and methoxy substituents, furthermore the location of substitution had minimal effect 

on the observed reactivity. Yields of 57%, 57%, and 53% were achieved with para, meta, and 

ortho trifluoromethyl substituted phenylethynyl phosphonates 122j-l (entries 10-12), 

respectively. A heteroatom containing aromatic alkynyl phosphonate 122m was synthesized and 

subjected to the HDA cycloaddition conditions (R1 = 3-thiophene, entry 13). Diethyl 3-thienyl-

ethynyl phosphonate 122m, underwent the desired HDA [2+2+2] cycloaddition with 

norbornadiene in moderate yield, 48%, in our [2+2] studies this alkynyl phosphonate also 

showed reduced reactivity relative to phenyl substituted alkynyl phosphonates as well. 40 

With a number of aromatic substituted alkynyl phosphonates found to be compatible 

with the optimized reaction conditions a variety of aliphatic substrates were prepared to further 

expand the scope of reaction. Terminal diethyl ethynyl phosphonate 122n (R1 = H, entry 14) was 

found to exclusively produce the [2+2] cycloadduct in 29%, this demonstrates an important 

difference from the cobalt catalyzed HDA [2+2+2] cycloadditions between alkynes and bicyclic 

alkenes, developed by Lautens, which demonstrated high yields of HDA adducts from terminal 

alkynes.10  Alkynyl phosphonates 122o-q are representative of aliphatic substituents possessing 

1°, 2°, and 3° carbons at the propargylic position of the alkynyl phosphonates (entries 15-17). 

The highest yield was obtained with a 1° aliphatic group 122o (R1 = nBu, entry 15), 64%, this is 

comparable to the substituted aromatics (entries 3-12) but still less than diethyl 1-phenylethynyl 

phosphonate 122a (entry 1). Increasing substitution of the aliphatic center to a 2° carbon 122p 

(R1 = Cy, entry 16) lowered the yield to 36%, in contrast during our [2+2] studies this alkynyl 

phosphonate did not proceed to react at all whereas the 1° alkynyl phosphonate (R1 = nBu) 

provided a moderate yield of the respective cycloadduct.40 Continuing with this trend a 3° 

alkynyl phosphonate 122q (R1 = tBu, entry 17) was found to also exclusively undergo the HDA 

[2+2+2] cycloaddition, though the highest yield achieved was only 14%. Furthermore the 
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product could not be separated from unreacted starting alkynyl phosphonate, and attempts to 

consume all alkyne through prolonged heating or adjusting reactant equivalents were 

unsuccessful. The observed trend of decreasing reactivity with increasing propargylic 

substitution was also observed in studies of cobalt catalyzed HDA [2+2+2] cycloadditions 

between norbornadiene and acetylenes.13b 

Finally the reaction conditions were applied to an alkynyl phosphonate containing a 

propargylic alcohol, 122r (entry 18). It was found to be quite incompatible with the optimized 

reaction conditions, propargylic alcohol 122r gave the [2+2] cycloadduct exclusively in 15% yield 

(entry 18).  

3.2.3 Future Work 

The optimized reaction conditions proved compatible with variety aromatic and 

aliphatic substituted alkynyl phosphonates. The scope could be further expanded to other 

aromatic, alkyl, and bulkier substrates, however a good array has already been explored. It 

would be of more value to explore the effects of alkene substitution. Several mono- and di-

substituted norbornadienes have been previously prepared in our laboratory using established 

methodology. Substituted bicyclic alkenes can be used to investigate the regioselectivity and 

stereoselectivity of the optimized reaction conditions. Other bicyclic alkenes possessing 

heteroatoms may offer a different variety of diene substrates to apply the optimized conditions 

to. Previously cobalt and ruthenium catalytic systems have been applied in both intermolecular 

HDA cycloadditions and intramolecular HDA cycloadditions of alkynyl-tethered norbornadienes. 

It would be interesting to prepare a alkynyl phosphonate-tethered norbornadiene and subject it 

to the reaction conditions investigated. Furthermore explorations into the opening of the homo 

Diels-Alder cycloadducts, through cyclopropane fragmentation, would provide highly 

substituted diquinane structures possessing vinyl phosphonates, these could be useful as 
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synthetic precursors. Investigations into methodology to further manipulate the vinyl 

phosphonate present in the cycloadducts would further expand the potential applications of the 

developed methodology.  

3.3 Conclusions 
 

The homo Diels-Alder (HDA) cycloaddition is a [2+2+2] cycloaddition resulting in the 

formation of tetracyclic structures of considerable strain known as deltacyclanes, these 

reactions have been reported to occur both thermally and with transition metal catalysis. 

Typically the HDA cycloaddition between bicyclic alkenes and alkynes has been explored en 

route to highly substituted fused polycyclic intermediates in natural product synthesis. The use 

of transition metals to catalyze this reaction has been well documented, cycloadditions involving 

alkynyl dienophiles have been promoted by cobalt, cobalt-zinc and ruthenium catalysts. The 

majority of examples in literature involve terminal alkynes and the only example of hetero-atom 

substituted alkynes has been silicon. 

The first examples of ruthenium-catalyzed homo Diels-Alder [2+2+2] cycloadditions 

between alkynyl phosphonates and norbornadiene were demonstrated in this report. The 

reaction was found to be dependent on the phosphonate present, dimethyl and diethyl 

phosphonates underwent the desired HDA cycloaddition whereas diphenyl phosphonates and 

phosphonate-free alkynes only achieved the [2+2] mode of cycloaddition. Furthermore the 

reaction conditions were compatible with a variety of aromatic and aliphatic substituents in low 

to good yields. The reaction was unsuccessful for terminal alkynyl phosphonates and propargylic 

alcohol phosphonates, leading only to [2+2] cycloadducts. The HDA cycloadducts offer the 

advantage of producing highly substituted deltacyclenes possessing a vinyl phosphonate group 

which may be further functionalized.  
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3.4 Experimental 

3.4.1  General Information 

 

 All reactions were carried out in an atmosphere of dry nitrogen or argon.  All glassware was 

flame or oven dried and purged under an inert atmosphere of dry nitrogen. 1H, 13C and 31P NMR 

spectra were recorded on a 400 MHz Bruker spectrometer. Chemical shifts for 1H NMR spectra 

are reported in parts per million (ppm) from tetramethylsilane with the solvent resonance as the 

internal standard (deuterochloroform: δ 7.26 ppm). Chemical shifts for 13C NMR spectra are 

reported in parts per million (ppm) from tetramethylsilane with the solvent as the internal 

standard (deuterochloroform: δ 77.0 ppm). Chemical shifts for 31P NMR spectra are reported in 

parts per million (ppm) from phosphoric acid as the internal standard (0 ppm). Reactions were 

monitored by TLC and detected by UV-lamp (254 nm) and/or KMnO4 stain.  

Unless stated otherwise, commercial reagents and catalyst were used without purification. 

Solvents were used directly from the department solvent purification system (stored under 

argon), or were purified by distillation under dry nitrogen: from calcium hydride (NMP); and 

from potassium/benzophenone (THF).  

3.4.2 Preparation of Alkynyl Phosphonates 

 

General Procedure (A) for the Synthesis of Alkynyl Phosphonates: Diisopropylamine (1.5 e ) 

was dissolved in     (  0.8 M) at 0 °C in a flame dried round bottomed flask (RBF). A 1.35 M 

solution of n-BuLi (1 eq) in hexanes was added and the solution was stirred while warming to 

room temperature for 1 h. The mixture was then added via cannula to a second RBF containing 

the terminal alkyne (1 eq) in THF (   0.6 M) at -78 °C which was then stirred while warming to r.t. 

for 2 h. In a third RBF the chlorophosphonate (2  eq) was dissolved in THF (   0.6 M) and cooled to 
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-78 °C. The deprotonated alkyne was then added dropwise via cannula to the electrophile 

dissolved in THF (   0.6 M). The reaction mixture was then stirred at -78 °C for 1 h, 0 °C for 1 h 

and r.t. for 4 h or until complete; the reaction progress was followed by TLC. When the reaction 

was complete the solution was quenched with saturated NH4Cl(aq). The aqueous layer was 

separated and extracted with ether 3 times; the organic fraction was dried with MgSO4, filtered 

and concentrated by rotary evaporation. The resulting product was then purified by flash 

chromatography (ethyl acetate/hexanes mixture).40 

General Procedure (B) for the Synthesis of Alkynyl Phosphonates: Lithium 

bis(trimethylsilyl)amide (1 eq) was added in a glovebox into a flame dried round bottomed flask 

(RBF), once out of glovebox the flask was placed under a N2(g) atmosphere and dissolved in THF 

(  0.8 M). The solution was then added via cannula to a second RBF containing the terminal 

alkyne (1 eq) in THF (   0.6 M) at -78 °C which was then stirred while warming to r.t. for 2 h. In a 

third RBF the chlorophosphonate (2 eq) was dissolved in THF (   0.6 M) and cooled to -78 °C. The 

deprotonated alkyne was then added dropwise via cannula to the electrophile dissolved in THF 

(  0.6 M). The reaction mixture was then stirred at -78 °C for 1 h, 0 °C for 1 h and r.t. for 4 h or 

until complete; the reaction progress was followed by TLC. When the reaction was complete the 

solution was quenched with saturated NH4Cl(aq). The aqueous layer was separated and extracted 

with ether 3 times; the organic fraction was dried with MgSO4, filtered and concentrated by 

rotary evaporation. The resulting product was then purified by flash chromatography (ethyl 

acetate/hexanes mixture).40 
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Diethyl phenylethynylphosphonate (122a). Following the above 

general procedure (A) with (0.96 mL, 6.85 mmol), n-BuLi (2.5 M in 

hexanes, 1.80 mL, 4.50 mmol), phenylacetylene (0.50 mL, 4.55 mmol), and diethyl 

chlorophosphonate (1.31 mL, 9.07 mmol). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:1) to provide 122a as a yellow oil (0.73 g, 3.06 mmol, 68%): 

Rf  0.32 (EtOAc:hexanes 1:1); 1H NMR (CDCl3, 400 MHz) δ 7.53 (br d, 2 , J = 7.1 Hz), 7.43-7.41 (m, 

1H), 7.37-7.32 (m, 2H), 4.46-4.24 (m, 4H), 1.38 (td, 6H, J = 7.1, 0.6 Hz); 13C NMR (APT, CDCl3, 100 

M z) δ 132.5 (2C), 130.6, 128.5 (2C), 119.4, 98.9 (d, J = 53.1 Hz), 78.2 (d, J = 299.7 Hz), 63.1 (2C), 

16.0 (2C); 31P NMR (CDCl3, 160 M z) δ -5.6. The spectral data are identical to those reported in 

the literature.40 

Dimethyl phenylethynylphosphonate (122b). Following the above 

general procedure (B) with lithium bis(trimethylsilyl)amide (1.5818 g, 

9.5 mmol), phenylacetylene (1.1 mL, 10.0 mmol), and dimethyl chlorophosphonate (1.62 mL, 

15.0 mmol). The crude product was purified by column chromatography (EtOAc:hexanes 1:1) to 

provide 122b as a dark yellow oil (0.47 g, 2.24 mmol, 24%): Rf  0.20 (EtOAc:hexanes 1:1); 1H NMR 

(CDCl3, 400 MHz) δ 7.37-7.18 (m, 4H), 3.68-3.63 (m, 6H); 13C NMR (CDCl3, 100 M z) δ 132.5 (2C), 

131.7, 128.4 (2C), 119.0, 99.7 (d, J = 53.1 Hz), 76.7 (d, J = 302.2 Hz), 53.2 (2C); 31P NMR (CDCl3, 

160 M z) δ -2.96. The spectral data are identical to those reported in the literature.40 

Diphenyl phenylethynylphosphonate (122c). Following the above 

general procedure (A) with diisopropylamine (0.96 mL, 6.85 mmol), n-

BuLi (2.5 M in hexanes, 1.80 mL, 4.50 mmol), phenylacetylene (0.50 mL, 4.55 mmol), and 

diphenyl chlorophosphonate (1.40 mL, 6.87 mmol). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:4) to provide 122c as a colourless oil (0.27 g, 0.82 mmol, 
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18%): Rf  0.32 (EtOAc:hexanes 1:4); 1H NMR (CDCl3, 400 M z) δ 7.50-7.42 (m, 3H), 7.42-7.29 (m, 

10H), 7.26-7.19 (m, 2H); 13C NMR (APT, CDCl3, 100 M z) δ 150 (2C), 132.6 (2C), 131.1, 129.8 

(4C), 128.6 (2C), 125.6 (2C), 120.7 (4C), 118.8, 102.0 (d, J = 55.8 Hz), 77.2 (d, J = 319.8 Hz); 31P 

NMR (CDCl3, 160 M z) δ -14.42. The spectral data are identical to those reported in the 

literature.40 

Diethyl 4-tolylethynylphosphonate (122d). Following the above 

general procedure (A) with diisopropylamine (0.63 mL, 4.5 mmol), n-

BuLi (2.5 M in hexanes, 1.4 mL, 3.5 mmol), 4-tolylacetylene (0.38 mL, 3.0 mmol), and diethyl 

chlorophosphonate (0.86 mL, 6.0 mmol). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:1) to provide 122d as a yellow oil (0.35 g, 1.40 mmol, 47%): 

Rf  0.40 (EtOAc:hexanes 3:2); 1H NMR (CDCl3, 400 M z) δ 7.40 (d, 2 , J = 8.1 Hz), 7.12 (d, 2H, J = 

8.2 Hz), 4.28-4.06 (m, 4H), 2.32 (s, 3H), 1.35 (t, 6H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 

141.2, 132.4 (2C), 129.2 (2C), 116.2, 99.4 (d, J = 53.3 Hz), 77.6 (d, J = 300.6 Hz), 63.0 (2C), 21.5, 

16.0 (2C); 31P NMR (CDCl3, 160 M z) δ -5.86. The spectral data are identical to those reported in 

the literature.40 

Diethyl 3-tolylethynylphosphonate (122e). Following the above 

general procedure (A) with diisopropylamine (0.65 mL, 4.6 mmol), n-

BuLi (2.3 M in hexanes, 1.3 mL, 3.0 mmol), 3-tolylacetylene (0.39 mL,3.0 mmol), and diethyl 

chlorophosphonate (0.86 mL, 6.0 mmol). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:1) to provide 122e as a bright yellow oil (0.29 g, 1.15 mmol, 

38%): Rf  0.50 (EtOAc:hexanes 3:2); 1H NMR (CDCl3, 400 M z) δ 7.36-7.34 (m, 2H), 7.24-7.23 (m, 

2H), 4.24-4.17 (m, 4H), 2.33 (s, 3H), 1.39 (t, 6H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 
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138.4, 133.1, 131.6, 129.8, 128.5, 119.4, 92.2, 82.1, 63.2 (2C), 21.2, 16.2 (2C); 31P NMR (CDCl3, 

160 M z) δ -5.46. 

Diethyl 2-tolylethynylphosphonate (122f). Following the above general 

procedure (A) with diisopropylamine (0.63 mL, 4.5 mmol), n-BuLi (2.3 M 

in hexanes, 1.3 mL, 3.0 mmol), 2-tolylacetylene (0.38 mL, 3.0 mmol), and diethyl 

chlorophosphonate (0.86 mL, 6.0 mmol). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:1) to provide 122f as a bright yellow oil (0.64 g, 2.54 mmol, 

85%): Rf  0.51 (EtOAc:hexanes 3:2) 1H NMR (CDCl3, 400 M z) δ 7.50 (d, 1 , J = 7.6 Hz), 7.32 (t, 

1H, J = 7.5 Hz), 7.21 (d, 1H, J = 7.6 Hz), 7.17 (t, 1H, J = 7.6 Hz), 4.30-4.11 (m, 4H), 2.45 (s, 3H), 

1.39 (t, 6H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 141.7, 133.0, 130.6, 129.7, 125.7, 

119.3, 98.1 (d, J = 52.7 Hz), 81.9 (d, J = 299.1 Hz), 63.1 (2C), 20.5, 16.1 (2C); 31P NMR (CDCl3, 160 

M z) δ -6.07. The spectral data are identical to those reported in the literature.40 

Diethyl 4-methoxyphenylethynylphosphonate (122g). 

Following the above general procedure (B) with lithium 

bis(trimethylsilyl)amide (0.8670 g, 5.2 mmol),  4-methoxyphenylacetylene (0.66 g, 5.0 mmol), 

and diethyl chlorophosphonate (0.72 mL, 5.0 mmol). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:1) to provide 122g as a yellow oil (1.16 g, 4.31 mmol, 86%): 

Rf 0.42 (EtOAc:hexanes 3:2); 1H NMR (CDCl3, 400 M z) δ 7.50 (d, 2 , J = 8.6 Hz), 6.87 (d, 2H, J = 

8.8 Hz), 4.25-4.17 (m, 4H), 3.83 (s, 3H), 1.39 (td, 6H, J = 0.4, 7.1 Hz); 13C NMR (APT, CDCl3, 100 

M z) δ 161.4, 134.4 (2C), 114.2 (2C), 111.4, 99.7 (d, J = 53.9 Hz), 77.2 (d, J = 302.0 Hz), 63.1 (2C), 

55.4, 16.1 (2C); 31P NMR (CDCl3, 160 M z) δ -5.58. The spectral data are identical to those 

reported in the literature.40  
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Diethyl 3-methoxy-phenylethynylphosphonate (122h). Following 

the above general procedure (A) with diisopropylamine (0.96 mL, 

6.8 mmol), n-BuLi (2.3 M in hexanes, 1.6 mL, 3.7 mmol), 3-methoxyphenylacetylene (0.48 mL, 

3.8 mmol), and diethyl chlorophosphonate (0.81 mL, 5.6 mmol). The crude product was purified 

by column chromatography (EtOAc:hexanes 1:1) to provide 122h as a yellow oil (0.68 g, 2.54 

mmol, 69%): Rf 0.46 (EtOAc:hexanes 3:2); 1H NMR (CDCl3, 400 M z) δ 7.28 (br. t, 1 , J = 8.0 Hz), 

7.16 (br. d, 1H, J = 7.55 Hz), 7.07 (br. s, 1H), 7.00 ( br.d, 1H, J = 8.3 Hz), 4.29-4.18 (m, 4H), 3.81 (s, 

3H), 1.41 (t, 6H, J = 7.0 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 159.3, 137.6, 129.8, 125.0, 120.4, 

114.2, 98.8 (d, J =52.4 Hz), 78.0 (d, J = 297.0 Hz), 63.1 (2C), 55.3, 16.0 (2C); 31P NMR (CDCl3, 160 

M z) δ -6.11. The spectral data are identical to those reported in the literature.48 

Diethyl 2-methoxyphenylethynylphosphonate (122i). Following the 

above general procedure (A) with diisopropylamine (0.63 mL, 4.5 

mmol), n-BuLi (2.5 M in hexanes, 1.2 mL, 3.0 mmol), 2-methoxyphenylacetylene (0.29 mL, 2.2 

mmol), and diethyl chlorophosphonate (0.72 mL, 5.0 mmol). The crude product was purified by 

column chromatography (EtOAc:hexanes 1:1) to provide 122i as a yellow oil (0.24 g, 0.90 mmol, 

41%): Rf 0.39 (EtOAc:hexanes 4:1);  IR (CH2Cl2, NaCl) 2984 (s), 2931 (m), 2188 (s), 1600 (w), 1491 

(m), 1265 (s), 1024 (s) cm-1;  1H NMR (CDCl3, 400 M z) δ 7.46 (dd, 1 , J = 1.7, 7.6 Hz), 7.37 (td, 

1H, J = 1.7, 7.3 Hz), 6.92-6.86 (m, 2H), 4.24-4.17 (m, 4H), 3.84 (s, 3H), 1.38 (td, 6H, J = 0.4, 7.1 

Hz); 13C NMR (APT, CDCl3, 100 M z) δ 161.5, 134.4, 132.2, 120.4, 110.8, 108.9, 96.3 (d, J = 53.3 

Hz), 82.0 (d, J = 300.2 Hz), 63.2 (2C), 55.7, 16.1 (2C). 31P NMR (CDCl3, 160 M z) δ -5.22. HRMS 

(EI) calcd for [M+] C13H17O4P m/z 268.0864, found 268.0859.  
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Diethyl 4-trifluoromethylphenylethynylphosphonate (122j).   

Following the above general procedure (A) with diisopropylamine 

(0.65 mL, 4.6 mmol), n-BuLi (2.3 M in hexanes, 1.3 mL, 3.0 mmol), 4-trifluorophenylacetylene 

(0.49 mL, 3.0 mmol), and diethyl chlorophosphonate (0.86 mL, 6.0 mmol). The crude product 

was purified by column chromatography (EtOAc:hexanes 1:1) to provide 122j as a yellow oil 

(0.53 g, 1.73 mmol, 58%): Rf 0.37 (EtOAc:hexanes 1:1); IR (CH2Cl2, NaCl) 2984 (s), 2192 (s), 1617 

(m), 1325 (s), 1266 (m), 1025 (s); 1H NMR (CDCl3, 400 M z) δ 7.63-7.57 (m, 4H), 4.22-4.14 (m, 

4H), 1.35 (t, 6H, J = 7.0 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 132.8 (2C), 132.1 ( , J = 33.0), 

125.4 (2C), 123.3 (q, J = 272.5 Hz), 123.2, 96.5 (d, J = 52.2 Hz), 80.6 (d, J = 296.3 Hz), 63.3, 63.2, 

16.0, 15.9; 31P NMR (CDCl3, 160 M z) δ -6.44. HRMS (EI) calcd for [M+] C13H14O3FP m/z 306.0633,  

found 306.0629. 

 Diethyl 3-trifluoromethylphenylethynylphosphonate (122k). 

 Following the above general procedure (A) with diisopropylamine 

(0.95 mL, 6.8 mmol), n-BuLi (2.3 M in hexanes, 2.0 mL, 4.6 mmol), 3-trifluorophenylacetylene 

(0.65 mL, 4.5 mmol), and diethyl chlorophosphonate (1.3 mL, 9.0 mmol). The crude product was 

purified by column chromatography (EtOAc:hexanes 1:1) to provide 122k as a yellow oil (1.19 g, 

3.89 mmol, 86%): Rf 0.47 (EtOAc:hexanes 3:2); 1H NMR (CDCl3, 400 M z) δ 7.73 (s, 1H), 7.66 (d, 

1H, J = 7.7 Hz), 7.62 (d, 1H, J = 8.0 Hz), 7.47 (d, 1H, J = 7.8 Hz), 4.21 - 4.13 (m, 4H), 1.34 (t, 6H, J = 

7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 135.6, 131.1 (q, J = 33.1 Hz), 129.3, 129.1, 127.0, 123.2 

(q, J = 272.5 Hz), 120.5, 96.5 (d, J = 52.1 Hz), 80.0 (d, J = 295.8 Hz), 63.3, 63.2, 15.9, 15.8; 31P 

NMR (CDCl3, 160 M z) δ -6.58.  
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Diethyl 2-trifluoromethylphenylethynylphosphonate (122l). Following 

the above general procedure (A) with diisopropylamine (0.63 mL, 4.5 

mmol), n-BuLi (2.5 M in hexanes, 1.2 mL, 3.0 mmol), 2-trifluorophenylacetylene (0.42 mL, 3.0 

mmol), and diethyl chlorophosphonate (0.55 mL, 3.8 mmol). The crude product was purified by 

column chromatography (EtOAc:hexanes 1:1) to provide 122l as a yellow oil (0.50 g, 1.63 mmol, 

54%): Rf 0.29 (EtOAc:hexanes 1:1); IR (CH2Cl2, NaCl) 2986 (m), 2193 (s), 1457 (m), 1319 (s), 1267 

(m), 1026 (s); 1H NMR (CDCl3, 400 M z) δ 7.59-7.55 (m, 2H), 7.48-7.42 (m, 2H), 4.13-4.05 (m, 

4H), 1.26 (br. t, 6H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 134.7, 132.1 (q, J = 31.3 Hz), 

131.5, 130.3, 125.7, 122.7 (q, J = 273.5 Hz), 117.2, 93.7 (d, J = 51.6 Hz), 83.4 (d, J = 292.3 Hz), 

63.1, 63.0, 15.6, 15.5; 31P NMR (CDCl3, 160 M z) δ -6.89. HRMS (EI) calcd for [M+] C13H14O3FP 

m/z 306.0633, found 306.0638. 

Diethyl 3-thienylethynylphosphonate (122m). Following the above 

general procedure (B) with lithium bis(trimethylsilyl)amide (0.8320 g, 

5.0 mmol),  3-thienylacetylene (0.44 mL, 4.5 mmol), and diethyl chlorophosphonate (0.72 mL, 

5.0 mmol). The crude product was purified by column chromatography (EtOAc:hexanes 3:2) to 

provide 122m as a yellow oil (0.88 g, 3.64 mmol, 81%): Rf 0.55 (EtOAc:hexanes 3:2); 1H NMR 

(CDCl3, 400 M z) δ 7.57 (d, 1H, J = 2.8 Hz), 7.21-7.18 (m, 1H), 7.05-7.03 (m, 1H), 4.20 (br q, 4H, J 

= 7.2 Hz), 1.39 (t, 6H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 133.4, 129.9, 126.2, 118.8, 

94.3 (d, J = 54.2 Hz), 78.3 (d, J = 301.1 Hz), 63.2 (2C), 16.1 (2C); 31P NMR (CDCl3, 160 M z) δ -

5.89. The spectral data are identical to those reported in the literature.40 
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Diethyl 1-ethynylphosphonate (122n). Following the above general 

procedure (A) with diisopropylamine (0.98 mL, 7.0 mmol), n-BuLi (2.16 M in 

hexanes, 2.0 mL, 4.3 mmol), 1-trimethylsilylacetylene (0.64 mL, 4.5 mmol), and 

diethylchlorophosphate (1.3 mL, 9.0 mmol). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:1) to provide 122n as a colourless oil (0.27 g,  1.65 mmol, 

38%): Rf  0.17 (EtOAc:hexanes 1:1); 1H NMR (CDCl3, 400 M z) δ 4.15-4.04 (m, 4H), 2.96 (d, 1H, J = 

13.2 Hz), 1.29 (dt, 6H, J = 0.6, 7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 88.1 (d, J = 51.1 Hz), 74.2 

(d, J = 288.7 Hz), 63.5 (2C), 15.9 (2C). HRMS (EI) calcd for [M+H+] C6H11O3P m/z 163.0524, found 

163.0522. The spectral data are identical to those reported in the literature.49 

Diethyl 1-hexynylphosphonate (122o). Following the above general 

procedure (A) with diisopropylamine (1.8 mL, 12.8 mmol), n-BuLi (2.5 M in 

hexanes, 4.0 mL, 10 mmol), 1-hexyne (1.15 mL. 10 mmol), and diethylchlorophosphate (1.4 mL, 

9.9 mmol). The crude product was purified by column chromatography (EtOAc:hexanes 1:1) to 

provide 122o as a pale yellow oil (1.43 g,  5.13 mmol, 66%): Rf  0.28 (EtOAc:hexanes 1:1); 1H 

NMR (CDCl3, 400 M z) δ 4.14-4.04 (m, 4H), 2.30 (td, 2H, J = 4.4, 7.1 Hz), 1.56-1.47 (m, 2H), 1.43-

1.34 (m, 2H), 1.31 (td, 6H, J = 0.6, 7.1 Hz), 0.87 (t, 3H, J = 7.3 Hz); 13C NMR (APT, CDCl3, 100 MHz) 

δ 103.0 (d, J = 52.8 Hz), 70.3 (d, J = 302.8 Hz), 62.7 (2C), 29.3, 21.8, 18.8, 16.0 (2C), 13.3; 31P NMR 

(CDCl3, 160 M z) δ -5.72. The spectral data are identical to those reported in the literature.40 

 Diethyl cyclohexylethynylphosphonate (122p). Following the above 

general procedure (B) with lithium bis(trimethylsilyl)amide (0.5374 g, 

3.2 mmol), cyclohexylacetylene (0.39 mL. 3.0 mmol), and diethylchlorophosphate (0.65 mL, 5.0 

mmol). The crude product was purified by column chromatography (EtOAc:hexanes 1:1) to 

provide 122p as a pale yellow oil (0.37 g, 1.50 mmol, 50%): Rf 0.46 (EtOAc:hexanes 1:1); 1H NMR 
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(CDCl3, 400 M z) δ 4.06-3.97 (m, 4H), 2.46-2.17 (m, 1H), 1.75-1.67 (m, 2H), 1.63-1.56 (m, 2H), 

1.45-1.37 (m, 3H), 1.29-1.17 (m, 3H), 1.25 (td, 6H, J = 0.6, 7.1 Hz); 13C NMR (CDCl3, 100 M z) δ 

106.3 (d, J = 51.5 Hz), 69.9 (d, J = 301.3 Hz),  62.6 (2C), 31.1 (2C), 29.0, 25.9, 25.3, 24.2, 15.8 (2C); 

31P NMR (CDCl3, 160 M z) δ -5.93. The spectral data are identical to those reported in the 

literature.40 

 Diethyl tert-butylethynylphosphonate (122q). Following the above 

general procedure (B) with lithium bis(trimethylsilyl)amide (0.8764 g, 5.24 

mmol),  tert-butylacetylene (0.62 mL. 5.03 mmol), and diethylchlorophosphate (1.0 mL, 6.92 

mmol). The crude product was purified by column chromatography (EtOAc:hexanes 1:1) to 

provide 122q as a pale yellow oil (0.98 g, 4.5 mmol, 89%): Rf 0.18 (EtOAc:hexanes 1:1); 1H NMR 

(CDCl3, 400 M z) δ 4.10-4.07 (m, 4H), 1.31 (t, 6H, J = 6.8 Hz), 1.23 (s, 9H); 13C NMR (CDCl3, 100 

M z) δ 110.0 (d, J = 50.8 Hz), 68.5 (d, J = 301.3 Hz), 62.6 (2C), 29.6 (3C), 27.2, 15.8 (2C);    31P 

NMR (CDCl3, 160 MHz) -5.60. The spectral data are identical to those reported in the literature.50 

 Diethyl 3-hydroxypropynylphosphonate (122r). Following the above 

general procedure (A) with diisopropylamine (0.96 mL, 6.85 mmol), n-

BuLi (1.6 M in hexanes, 2.8 mL, 4.56 mmol), THP protected 3-hydroxypropyne (637.8 mg. 4.55 

mmol), and diethylchlorophosphate (1.3 mL, 9.28 mmol). The crude product was purified by 

column chromatography (EtOAc:hexanes 7:3)  which was then deprotected using 0.1 eq PPTS in 

EtOH (~3M) and purified again by column chromatography (EtOAc) to provide 122f as a yellow 

oil (0.25 g, 1.30 mmol, 28% over 2 steps): Rf  0.42 (EtOAc); 1H NMR (CDCl3, 400 M z) δ 4.40-4.31 

(m, 3H), 4.15 (qd, 4H, J = 0.9, 7.1 Hz), 1.35 (td, 6H, J = 0.5, 7.1 Hz); 13C NMR (APT, CDCl3, 75 MHz) 

δ 100.3 (d, J = 51.5 Hz), 73.9 (d, J = 297.8 Hz), 63.5 (2C), 50.4, 16.0 (d, 2C, J = 7.0 Hz); 31P NMR 

(CDCl3, 160 M z) δ -6.82. The spectral data are identical to those reported in the literature.40 
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3.4.3 Ru-Catalyzed Homo Diels-Alder [2+2+2] Cycloadditions 

 

General Procedure for the Ru-catalyzed Homo Diels-Alder [2+2+2] Cycloaddition with 

Norbornadiene:  A mixture of norbornadiene (3 eq.) and alkynyl phosphonate (1 eq.) was 

prepared in an oven dried screw-cap vial. The vial was purged with nitrogen and taken into the 

glovebox where 5-10 mol% Cp*RuCl(COD) was weighed out and added, the vial was then sealed. 

The reaction mixture was stirred outside the glove box at 160 ºC for 2-6 hours. The crude 

product was purified by flash chromatography to yield the corresponding cycloadduct (ethyl 

acetate/hexanes mixture). 

Deltacyclene 123a (Table 3, Entry 1). Following the above general 

procedure with alkynyl phosphonate 122a (46.2 mg, 0.194 mmol), 

norbornadiene (61.7 mg, 0.700 mmol) and Cp*RuCl(COD) (4.8 mg, 0.013 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 1:1) to provide cycloadduct 123a (56.6 mg, 0.171 mmol, 88%) as a yellow oil: Rf  

0.15 (EtOAc/hexanes 1:1); IR (CH2Cl2, NaCl) 2974 (m), 2931 (m), 1492 (w), 1266 (m), 1164 (w), 

1029 (s), 964 (m), 738(m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.55-7.53 (m, 2H), 7.36-7.28  (m, 3H), 

4.00-3.84 (m, 4H), 3.11 (br.d, 1H, J = 1.4 Hz), 3.01 (br.d, 1H, J = 1.4 Hz), 2.26 (s, 1H), 1.81 (td, 1H, 

J = 4.7, 1.0 Hz), 1.64-1.59 (m, 4H), 1.15 (t, 3H, J = 7.1 Hz), 1.10 (t, 3H, J = 7.1 Hz); 13C NMR (APT, 

CDCl3, 100 MHz)  163.0 (d, J = 10.7 Hz), 136.3 (d, J = 4.3 Hz), 128.3 (d, J = 193.6 Hz), 128.2, 128.1 

(2C), 127.8 (2C), 61.4 (d, J = 5.8 Hz), 61.2 (d, J = 5.5 Hz), 56.3, 56.1, 53.4 (d, J = 11.8 Hz), 32.6, 

25.7, 23.8, 23.3 (d, J = 3.4Hz), 16.1 (m, 2C); 31P NMR (CDCl3, 160 MHz)  17.36; HRMS (EI) calcd 

[M+] for C19H23O3P m/z 330.1385, found 330.1391. 
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Deltacyclene 123b (Table 3, Entry 2). Following the above general 

procedure with alkynyl phosphonate 122b (43.7 mg, 0.208 mmol), 

norbornadiene (83.5 mg, 0.906 mmol) and Cp*RuCl(COD) (4.4 mg, 0.012 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 1:1) to provide cycloadduct 123b (45.9 mg, 0.152 mmol, 73%) as a pale yellow 

crystalline solid: Rf 0.14 (EtOAc/hexanes 1:1); IR (CH2Cl2, NaCl) 2951 (m), 1491 (w), 1244 (m), 

1182 (w), 1030 (s), 944 (m), 766(m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.55-7.53 (m, 2H), 7.36-

7.30  (m, 3H), 3.58 (d, 3H, J= 11.2 Hz), 3.51 (d, 3H, J= 11.3 Hz) 3.09 (br.d, 1H, J= 1.5 Hz), 3.02 

(br.d, 1H, J= 1.5 Hz), 2.27 (s, 1H), 1.82 (td, 1H, J= 4.7, 1.2 Hz), 1.64-1.60 (m, 4H); 13C NMR (APT, 

CDCl3, 100MHz)  163.9 (d, J= 10.8 Hz), 136.1 (d, J= 4.1Hz), 128.4, 127.9 (2C), 127.8 (2C), 127.0 

(d, J= 194.7 Hz), 56.3, 56.1, 53.3 (d, J= 11.6 Hz), 52.1 (d, J= 5.8 Hz), 51.8 (d, J= 5.6 Hz), 32.6, 25.7, 

23.7, 23.3 (d, J= 3.4Hz); 31P NMR (CDCl3, 160 MHz)  20.37; HRMS (EI) calcd [M+] for C17H19O3P 

m/z 302.1072, found 302.1071. 

Cycloadduct 124c (Table 3, Entry 3).  Following the above general 

procedure (A) with alkynyl phosphonate 122c (63.1 mg, 0.189 mmol), 

norbornadiene (64.3 mg, 0.700 mmol) and Cp*RuCl(COD) (6.1 mg, 0.016 

mmol). The crude product was purified by column chromatography (EtOAc/hexanes 1:1) to 

provide cycloadduct 124c (19.4 mg, 0.046 mmol, 24%) as a pale brown solid: Rf  0.64 

(EtOAc/hexanes 1:1); IR (CH2Cl2, NaCl) 3060 (m), 2976 (m), 2937 (m), 1591 (s), 1489 (s), 1189 (s), 

1071 (m), 966 (s), 738(m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.96 (dd, 2H, J = 7.9, 2.4 Hz), 7.44-

7.19  (m, 11H), 7.16-7.12 (m, 2H), 6.19 (br.t, 2H, J = 1.6 Hz), 2.83-2.81 (m, 1H), 2.71 (br.d, 2H, J = 

1.5 Hz), 2.57 (d, 1H, J = 3.7 Hz), 1.33 (d, 1H, J = 9.6 Hz), 1.27 (d, 1H, J = 10.1 Hz); 13C NMR (APT, 

CDCl3, 100MHz)  164.6, 136.1, 135.4, 132.1, 130.3, 129.8 (2C), 129.7 (2C), 128.6 (2C), 128.2 

(2C), 125.6, 125.0 (d, J = 7.0 Hz), 120.5 (m, 2C), 120.1 (d, J = 4.9 Hz), 115.3, 65.8, 45.7, 45.4, 43.8 
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(d, J = 9.0 Hz), 39.6, 39.3, 39.0, 15.3; 31P NMR (CDCl3, 160 MHz)  3.11 HRMS (EI) m/z calcd for 

C27H23O3P [M+] 426.1385, found 426.1391. 

Deltacyclene 123d (Table 3, Entry 4). Following the above general 

procedure with alkynyl phosphonate 122d (47.4 mg, 0.188 mmol), 

norbornadiene (58.9 mg, 0.639 mmol) and Cp*RuCl(COD) (4.0 mg, 0.011 

mmol). The crude product was purified by column chromatography  

(EtOAc/hexanes 1:1) to provide cycloadduct 123d (38.9 mg, 0.113 mmol, 60%) as an amber-

yellow oil: Rf  0.27 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2954 (m), 2925 (m), 1492 (w), 1244 (m), 

1026 (s), 961 (m), 765 (w) cm-1; 1H NMR (CDCl3, 400 MHz)  7.54 (d, 2H, J = 8.1 Hz), 7.14  (d, 2H, 

J= 7.9 Hz), 4.01-3.85 (m, 4H), 3.09 (br.d, 1H, J= 1.8Hz), 3.00 (s, 1H), 2.34 (s, 3H), 2.24 (s, 1H),  1.80 

(td, 1H, J= 4.7, 1.0 Hz), 1.63-1.57 (m, 4H), 1.17 (t, 3H, J= 7.1 Hz), 1.12 (t, 3H, J= 7.1 Hz); 13C NMR 

(APT, CDCl3,100MHz)  163.1 (d, J= 10.9 Hz), 138.2, 133.3 (d, J= 4.4 Hz), 128.4 (2C), 128.0 (d, 2C, 

J= 1.3 Hz), 127.2 (d, J= 193.7 Hz), 61.3 (d, J= 5.4 Hz), 61.1 (d, J= 5.4 Hz), 56.2,  56.0 (d, J= 2.6 Hz), 

53.3 (d, J= 12.0 Hz), 32.6, 25.5, 23.7, 23.1 (d, J= 3.5 Hz), 21.2, 16.1 (t, 2C, J= 6.7 Hz); 31P NMR 

(CDCl3, 160 MHz)  17.66 Hz; HRMS (EI) calcd [M+] for C20H25O3P m/z 344.1541, found 344.1549. 

Deltacyclene 123e (Table 3, Entry 5). Following the above general 

procedure with alkynyl phosphonate 122e (53.1 mg, 0.211 mmol), 

norbornadiene (80.7 mg, 0.876 mmol) and Cp*RuCl(COD) (5.1 mg, 0.013 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 1:1) to provide cycloadduct 123e (26.6 mg, 0.077 mmol, 37%) as an amber-

yellow oil: Rf  0.26 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2980 (m), 2929 (m), 1481 (w), 1238 (m), 

1027 (s), 962 (s), 788 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.34 (br.s, 2H), 7.22 (t, 1H, J= 7.7 Hz), 

7.10 (d, 1H, J= 7.6Hz), 4.01-3.85 (m, 4H), 3.09 (br.d, 1H, J= 1.3 Hz), 2.99 (s, 1H), 2.35 (s, 3H), 2.24 
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(s, 1H),  1.80 (br.td, 1H, J= 3.5, 0.9 Hz), 1.63-1.59 (m, 4H), 1.15 (t, 3H, J= 7.1 Hz), 1.11 (t, 3H, J= 

7.1 Hz); 13C NMR (APT, CDCl3, 100MHz)  163.2 (d, J= 10.8 Hz), 137.2, 136.2 (d, J= 4.3 Hz), 128.9, 

128.7 (d, J= 1.3 Hz), 127.7 , 127.0, 125.2 (d, J= 1.3 Hz), 61.4 (d, J= 5.8 Hz), 61.1 (d, J= 5.7 Hz), 56.2 

(d, J= 8.1 Hz), 56.1 (d, J= 1.4 Hz), 53.3 (d, J= 12.0 Hz), 32.6, 25.6, 23.7, 23.2 (d, J= 3.5 Hz), 21.3, 

16.1 (t, 2C, J= 6.7 Hz); 31P NMR (CDCl3, 160 MHz)  17.89; HRMS (EI) calcd [M+] for C20H25O3P m/z 

344.1541, found 344.1549. 

Deltacyclene 123f (Table 3, Entry 6). Following the above general 

procedure with alkynyl phosphonate 122f (46.8 mg, 0.186 mmol), 

norbornadiene (73.1 mg, 0.793 mmol) and Cp*RuCl(COD) (5.1 mg, 0.013 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 1:1) to provide cycloadduct 123f (45.6 mg, 0.132 mmol, 71%) as an amber-

yellow oil: Rf  0.27 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2980 (m), 2930 (m), 1484 (w), 1236 (m), 

1028 (s), 963 (s), 735 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.21-7.09 (m, 4H), 3.93-3.65 (m, 4H), 

3.08 (d, 1H, J= 1.9 Hz), 2.80 (d, 1H, J=  2.1 Hz), 2.35 (s, 1H), 2.30 (s, 3H),  1.80 (br.td, 1H, J= 4.7, 

1.2 Hz), 1.68-1.52 (m, 4H), 1.09 (t, 3H, J= 7.0 Hz), 1.05 (t, 3H, J= 7.1 Hz); 13C NMR (APT, 

CDCl3,100MHz)  163.6 (d, J= 10.6 Hz), 137.4, 135.2, 130.8 (d, J= 194.5Hz), 129.6, 128.2, 127.6, 

125.1, 61.2 (d, 2C, J= 5.9 Hz), 57.4 (m), 56.9 (m), 52.6 (d, J= 12.9 Hz), 32.5, 25.5, 23.4, 22.7 (d, J= 

3.56 Hz), 20.1, 16.0 (m, 2C); 31P NMR (CDCl3, 160 MHz)  17.08; HRMS (EI) calcd [M+] for 

C20H25O3P m/z 344.1541, found 344.1549. 
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Deltacyclene 123g (Table 3, Entry 7). Following the above general 

procedure with alkynyl phosphonate 122g (62.3 mg, 0.232 mmol), 

norbornadiene (80.6 mg, 0.875 mmol) and Cp*RuCl(COD) (5.6 mg, 0.015 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 1:1) to provide cycloadduct 123g (53.0 mg, 0.148 mmol, 64%) as a yellow oil: Rf  

0.33 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2983 (s), 2925 (m), 1608 (m), 1508 (s), 1443 (w), 

1266 (s), 1032 (s), 962 (s), 742 (s) cm-1; 1H NMR (CDCl3, 400 MHz)  7.55-7.52 (m, 2H), 6.88-6.85 

(m, 2H), 4.02-3.87 (m, 4H), 3.81 (s, 3H), 3.08 (br.d, 1H, J= 1.9 Hz), 3.00 (br.d, 1H, J= 1.9 Hz), 2.22 

(s, 1H),  1.78 (td, 1H, J= 4.7, 1.1 Hz), 1.62-1.53 (m, 4H), 1.18 (t, 3H, J= 7.1 Hz), 1.14 (t, 3H, J= 7.1 

Hz); 13C NMR (APT, CDCl3,100MHz)  162.7 (d, J= 11.0 Hz), 159.7, 129.7 (d, 2C, J= 1.2 Hz), 128.7 

(d, J = 4.4 Hz), 128.0 (d, J = 202.4 Hz), 126.0 (d, J = 193.9 Hz), 113.2,  61.4 (d, J= 5.5 Hz), 61.1 (d, 

J= 5.4 Hz), 56.1, 56.0 (d, J= 2.3 Hz), 55.3, 53.4 (d, J= 11.8 Hz) 32.7, 25.4, 23.8, 23.0 (d, J= 3.4 Hz), 

16.2 (t, 2C, J= 6.7 Hz); 31P NMR (CDCl3, 160 MHz)  18.34; HRMS (EI) calcd [M+] for C20H25O4P m/z 

360.1490, found 360.1501. 

Deltacyclene 123h (Table 3, Entry 8). Following the above general 

procedure with alkynyl phosphonate 122h (52.0 mg, 0.194 mmol), 

norbornadiene (71.9 mg, 0.780 mmol) and Cp*RuCl(COD) (3.8 mg, 

0.010 mmol). The crude product was purified by column 

chromatography (EtOAc/hexanes 1:1) to provide cycloadduct 123h (51.9 mg, 0.144 mmol, 74%) 

as a yellow oil: Rf  0.34 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2980 (s), 2932 (s), 1600 (m), 1488 

(m), 1243 (s), 1162 (m), 1027 (s), 964 (s), 789 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.30-7.24 (m, 

2H), 7.14 (d, 1H, J= 7.6 Hz), 6.88 (dd, 1H, J= 2.0, 8.2 Hz), 4.06-3.90 (m, 4H), 3.87 (s, 3H), 3.14 (s, 

1H), 3.05 (s, 1H), 2.29 (s, 1H), 1.85 (br.t, 1H, J= 4.2 Hz), 1.67-1.62 (m, 4H), 1.21 (t, 3H, J= 7.1 Hz), 

1.15 (t, 3H, J= 7.1 Hz); 13C NMR (APT, CDCl3,100MHz)  162.9 (d, J= 10.6 Hz), 159.1, 137.6 (d, J= 
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4.2 Hz), 128.8, 128.5 (d, J=193.4 Hz), 120.4, 114.5, 113.4 (d, J= 6.7 Hz),  61.5 (d, J= 5.8 Hz), 61.2 

(d, J= 5.5 Hz), 56.2, 56.1, 55.3 (d, J= 8.6 Hz), 53.6 (d, J= 11.6 Hz) 32.7, 25.7, 23.8, 23.3 (d, J= 3.4 

Hz), 16.2 (2C); 31P NMR (CDCl3, 160 MHz)  17.75; HRMS (EI) calcd [M+] for C20H25O4P m/z 

360.1490, found 360.1497. 

Deltacyclene 123i (Table 3, Entry 9). Following the above general 

procedure with alkynyl phosphonate 122i (50.5 mg, 0.188 mmol), 

norbornadiene (63.5 mg, 0.689 mmol) and Cp*RuCl(COD) (4.2 mg, 

0.011 mmol). The crude product was purified by column 

chromatography (EtOAc/hexanes 1:1) to provide cycloadduct 123i (41.3 mg, 0.115 mmol, 61%) 

as a yellow oil: Rf  0.22 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2978 (m), 2931 (m), 1587 (w), 1486 

(w), 1246 (s), 1164 (w), 1028 (s), 962 (m), 753 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.34 (dd, 1H, 

J= 7.5, 1.7 Hz), 7.28-7.24 (m, 1H), 6.91 (td, 1H, J= 7.5, 0.9 Hz), 6.86 (d, 1H, J= 8.2  Hz), 3.96-3.78 

(m, 7H), 3.03 (br.d, 1H, J= 1.8Hz), 2.92 (br.d, 1H, J= 2.0 Hz), 2.24 (s, 1H), 1.74 (td, 1H, J= 4.7, 1.1 

Hz), 1.64-1.56 (m, 4H), 1.11 (t, 3H, J= 7.1 Hz), 1.06 (t, 3H, J= 7.0 Hz); 13C NMR (APT, 

CDCl3,100MHz)  162.2 (d, J= 10.0 Hz), 156.5, 130.9, 129.6 (d, J= 195.3 Hz), 129.4, 126.2 (d, J= 

4.0 Hz), 120.0, 110.2, 61.3 (d, J= 5.8 Hz),  61.0 (d, J= 5.5 Hz), 56.7 (t, J= 7.5), 56.4 (d, J= 4.2 Hz), 

56.2 (d, J= 4.3 Hz), 55.2 (d, J= 8.9 Hz), 32.7, 25.1, 23.4, 23.0 (d, J= 3.4 Hz), 16.1 (2C); 31P NMR 

(CDCl3, 160 MHz)  17.72; HRMS (EI) calcd [M+] for C20H25O4P m/z 360.1490, found 360.1502. 

Deltacyclene 123j (Table 3, Entry 10). Following the above general 

procedure with alkynyl phosphonate 122j (56.8 mg, 0.186 mmol), 

norbornadiene (64.4 mg, 0.699 mmol) and Cp*RuCl(COD) (5.1 mg, 0.013 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 1:1) to provide cycloadduct 123j (42.1 mg, 0.106 mmol, 57%) as a light amber 
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oil: Rf  0.33 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2982 (m), 2942 (m), 1445 (w), 1325 (s), 1243 

(m), 1025 (s), 963 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.64 (d, 2H, J= 8.3 Hz), 7.58 (d, 2H, J= 8.3 

Hz), 4.04-3.83 (m, 4H), 3.12 (br.d, 1H, J= 1.4 Hz), 3.00 (s, 1H), 2.28 (s, 1H), 1.85 (td, 1H, J= 4.7, 1.1 

Hz), 1.65-1.61 (m, 4H), 1.18 (t, 3H, J= 7.0 Hz), 1.13 (t, 3H, J= 7.1 Hz); 13C NMR (APT, 

CDCl3,100MHz)  161.3 (d, J= 10.4 Hz), 139.9, 130.9 (d, J = 225.3 Hz), 130.1, 128.4 (d, 2C, J= 1.7 

Hz), 124.8-124.7 (m, 2C), 124.1 (q,  J= 272.0 Hz),  61.6 (d, J= 5.1 Hz), 61.4 (d, J= 5.5 Hz), 56.5 (d, 

J= 7.2 Hz), 56.3, 53.6, 32.6, 26.0, 23.9, 23.4 (d, J= 3.4 Hz), 16.2 (t, 2C, J= 7.0 Hz); 31P NMR (CDCl3, 

160 MHz)  16.54; HRMS (EI) calcd [M+] for C20H22O3F3P m/z 398.1259, found 398.1250. 

Deltacyclene 123k (Table 3, Entry 11). Following the above general 

procedure with alkynyl phosphonate 122k (59.5 mg, 0.194 mmol), 

norbornadiene (73.7 mg, 0.800 mmol) and Cp*RuCl(COD) (4.8 mg, 

0.013 mmol). The crude product was purified by column 

chromatography (EtOAc/hexanes 1:1) to provide cycloadduct 123k (44.3 mg, 0.111 mmol, 57%) 

as a light amber oil: Rf  0.28 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2982 (m), 2942 (m), 1445 (w), 

1325 (s), 1243 (m), 1025 (s), 963 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.76-7.74 (m, 2H), 7.54 (d, 

1H, J= 7.9 Hz), 7.46 (t, 1H, J= 7.7 Hz), 4.03-3.89 (m, 4H), 3.13 (br.d, 1H, J= 1.4 Hz), 3.01 (br.s, 1H), 

2.29 (s, 1H), 1.85 (td, 1H, J= 3.7, 0.9 Hz), 1.66-1.62 (m, 4H), 1.15 (q, 6H, J= 7.0 Hz); 13C NMR (APT, 

CDCl3,100MHz)  161.1 (d, J = 11.2 Hz), 137.1, 137.0, 131.5, 130.7 (d, J = 194.3 Hz), 128.3, 124.8, 

124.7 (2C), 61.5 (d, J = 5.7 Hz), 61.3 (d, J = 5.7 Hz), 56.5 (d, J =7.2 Hz), 56.2, 53.5 (d, J = 11.5 Hz), 

32.6, 25.1, 23.8, 23.4, 16.0 (m, 2C); 31P NMR (CDCl3, 160 MHz)  16.66; HRMS (EI) calcd [M+] for 

C20H22O3F3P m/z 398.1259, found 398.1255. 
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Deltacyclene 123l (Table 3, Entry 12). Following the above general 

procedure with alkynyl phosphonate 122l (59.5 mg, 0.194 mmol), 

norbornadiene (55.4 mg, 0.601 mmol) and Cp*RuCl(COD) (7.2 mg, 0.019 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 7:3) to provide cycloadduct 123l (40.8 mg, 0.102 mmol, 53%) as a light amber 

oil: Rf  0.29 (EtOAc/hexanes 3:2); IR (CH2Cl2, NaCl) 2984 (m), 2933 (m), 1446 (w), 1317 (s), 1264 

(m), 1034 (m), 962 (m), 734 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  7.65 (d, 1H, J= 7.8Hz), 7.48 (t, 

1H, J= 7.3 Hz), 7.39 (t, 1H, J= 7.6 Hz), 7.21 (d, 1H, J= 7.5 Hz), 3.94-3.73 (m, 4H), 3.04 (br.d, 1H, J= 

1.7 Hz), 2.85 (s, 1H), 2.38 (s, 1H), 1.81 (br.t, 1H, J= 4.3 Hz), 1.66-1.45 (m, 4H), 1.11 (t, 3H, J= 7.0 

Hz), 1.02 (t, 3H, J= 7.0 Hz); 13C NMR (APT, CDCl3,100 MHz)  161.1, 136.6, 136.5, 132.3 (d, J= 

196.0 Hz), 131.1, 127.2, 125.9 (2C), 124.2 (q, J = 273.8 Hz), 61.2 (d, J= 5.8 Hz), 61.1 (d, J= 6.0Hz), 

57.8 (m, 2C), 51.7 (d, J= 12.7 Hz), 32.4, 22.7, 22.6 (2C), 16.1 (m, 2C); 31P NMR (CDCl3, 160 MHz)  

15.80; HRMS (EI) calcd [M+] for C20H22O3F3P m/z 398.1259, found 398.1267. 

Deltacyclene 123m (Table 3, Entry 13). Following the above general 

procedure with alkynyl phosphonate 122m (66.0 mg, 0.270 mmol), 

norbornadiene (59.0 mg, 0.640 mmol) and Cp*RuCl(COD) (4.6 mg, 0.012 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 7:3) to provide cycloadduct 123m (43.7 mg, 0.130 mmol, 48%) as a yellow 

crystalline solid: Rf  0.28 (EtOAc/hexanes 7:3); IR (CH2Cl2, NaCl): 3054 (m), 2985 (m), 1492 (w), 

1265 (s), 1164 (w), 1025 (s), 966 (m), 738 (s) cm-1; 1H NMR (CDCl3, 400 MHz)  7.68 (br.d, 1H, J= 

2.0 Hz), 7.50 (dd, 1H, J= 1.0, 5.1 Hz), 7.21-7.19 (1H, m), 4.03-3.86 (m, 4H), 3.02 (s, 2H), 2.14 (s, 

1H), 1.72 (br.t, 1H, J= 4.7 Hz), 1.57 (s, 2H), 1.52 (br.t, 1H, J= 4.6 Hz), 1.46 (br.t, 1H, J= 4.7 Hz), 

1.16 (dt, 6H, J= 7.0, 11.3 Hz); 13C NMR (APT, CDCl3, 100 MHz)  131.7 (d, J= 196.2 Hz), 128.6, 

128.3, 125.5, 124.9, 65.9,  61.4 (d, J= 5.4 Hz), 61.3 (d, J= 5.4 Hz), 55.9, 55.7 (m), 53.4 (d, J= 11.4 
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Hz), 32.7, 25.3, 24.1, 22.6, 16.2 (m), 15.3; 31P NMR (CDCl3, 160 MHz)  18.04; HRMS (EI) calcd 

[M+] for C17H21O3PS m/z 336.0949, found 336.0939. 

Cycloadduct 124n (Table 3, Entry 14). Following the above general 

procedure with alkynyl phosphonate 122n (69.7 mg, 0.430 mmol), 

norbornadiene (100.3 mg, 1.089 mmol) and Cp*RuCl(COD) (8.5 mg, 0.022 mmol). The crude 

product was purified by column chromatography (EtOAc/hexanes 7:3) to provide cycloadduct 

124n (28.4 mg, 0.123 mmol, 29%) as a pale yellow oil: Rf  0.23 (EtOAc/hexanes 7:3); IR (CH2Cl2, 

NaCl) 3053(m), 2983 (m), 1448(w), 1264 (s), 1026 (s), 968 (m), 896 (w), 738 (s) cm-1; 1H NMR 

(CDCl3, 400 MHz)  7.06 (d, 1H, J= 4.6 Hz), 6.13 (t, 2H, J= 5.5Hz), 4.12- 4.07 (m, 4H), 2.59 (s, 2H), 

2.48-2.46(m, 2H), 1.45 (d, 1H, J= 9.2 Hz), 1.36 (s, 1H), 1.33 (t, 6H, J= 7.1 Hz); 13C NMR (APT, 

CDCl3,100MHz)  153.8, 140.5 (d, J = 180.3 Hz), 135.9, 135.5, 61.7 (t, 2C, J= 5.3Hz), 46.7 (d, J= 

9.5Hz), 46.1 (d, J = 31.9), 39.5, 38.4, 38.1, 16.5 (dd, 2C,  J= 2.4, 6.3 Hz); 31P NMR (CDCl3, 160 MHz) 

 9.84; HRMS (EI) calcd [M+] for C13H19O3P m/z 254.1072, found 254.1066. 

Deltacyclene 123o (Table 3, Entry 15). Following the above general 

procedure with alkynyl phosphonate 122o (48.5 mg, 0.222 mmol), 

norbornadiene (95.9 mg, 1.041 mmol) and Cp*RuCl(COD) (8.3 mg, 0.022 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 7:3) to provide cycloadduct 123o (43.7 mg, 0.141 mmol, 64%) as a light yellow 

oil: Rf  0.40 (EtOAc/hexanes 7:3); IR (CH2Cl2, NaCl) 2963(m), 2930 (m), 1445 (w), 1243 (m), 1057 

(s), 1029 (s) cm-1; 1H NMR (CDCl3, 400 MHz)  4.07-3.93 (m, 4H), 2.78 (br.d, 1H, J= 1.52 Hz), 2.62 

(br.d, 1H, J= 1.92 Hz), 2.60-2.45 (m, 2H), 1.99 (s, 1H), 1.67 (td, 1H, J= 4.6, 0.8 Hz), 1.56-1.50 (m, 

2H), 1.47-1.39 (m, 2H), 1.37-1.32 (m, 4H), 1.28 (td, 6H, J= 1.9, 7.0 Hz), 0.89 (t, 3H, J= 7.2 Hz); 13C 

NMR (APT, CDCl3,100MHz)  169.3 (d, J= 13.6 Hz), 126.2 (d, J = 195.1 Hz), 61.0 (d, 2C, J= 4.5 Hz), 
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56.5 (d, J= 7.0 Hz), 54.0 (d, J= 18.5 Hz), 51.3 (d, J= 12.7 Hz), 32.5, 30.9 (d, J= 2.2 Hz), 30.1 (d, J= 

3.2 Hz), 25.0, 23.2, 22.7, 22.5 (d, J= 3.5 Hz), 16.4 (d, 2C, J= 6.2 Hz), 14.0; 31P NMR (CDCl3, 160 

MHz)  18.48; HRMS (EI) calcd [M+] for C17H27O3P m/z 310.1698, found 310.1703. 

Deltacyclene 123p (Table 3, Entry 16). Following the above general 

procedure with alkynyl phosphonate 122p (81.4 mg, 0.333 mmol), 

norbornadiene (87.5 mg, 0.950 mmol) and Cp*RuCl(COD) (5.0 mg, 0.013 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 7:3) to provide cycloadduct 123p (39.9 mg, 0.191 mmol, 36%) as a yellow oil: Rf  

0.28 (EtOAc/hexanes 7:3); IR (CH2Cl2, NaCl): 2930 (m), 2856 (m), 1266 (s), 1166 (w), 1027 (s), 962 

(m), 735 (m) cm-1; 1H NMR (CDCl3, 400 MHz)  4.06-3.94 (m, 4H), 3.04 (br.td, 1H, J= 11.1, 2.8 Hz), 

2.78 (br.d, 2H, J= 2.2 Hz), 1.92 (s, 1H), 1.72-1.61 (m, 4H), 1.60-1.56 (m, 2H), 1.52 (d, 2H, J= 5.8 

Hz), 1.41-1.37 (m, 1H), 1.31-1.24 (m, 12H); 13C NMR (APT, CDCl3,100MHz)  173.6, 123.8, 61.0 

(m, 2C), 56.4 (d, J = 6.9 Hz), 51.0 (d, J = 12.7 Hz), 50.7, 39.0 (d, J = 3.0 Hz), 32.6, 31.8, 31.3, 26.1, 

25.9 (d, J = 2.7 Hz), 25.1, 23.1, 22.9 (d, J = 3.6 Hz), 22.5, 16.4 (d, 2C,  J = 6.6 Hz); 31P NMR (CDCl3, 

160 MHz)  18.83; HRMS (EI) calcd [M+] for C19H29O3P m/z 336.1854, found 336.1850. 

Deltacyclene 123q (Table 3, Entry 17). Following the above general 

procedure with alkynyl phosphonate 122q (43.6 mg, 0.200 mmol), 

norbornadiene (59.8 mg, 0.649 mmol) and Cp*RuCl(COD) (5.8 mg, 0.015 

mmol). The crude product was purified by column chromatography 

(EtOAc/hexanes 7:3) to provide cycloadduct 123q (8.9 mg, 0.028 mmol, 14%) as a yellow oil: Rf  

0.38 (EtOAc/hexanes 7:3). Isolated as an impure product ~ (3:1) starting alkyne 122q : HDA 

adduct 123q, from 1H NMR.; IR (CH2Cl2, NaCl): 2982 (m), 1458 (w), 1266 (s), 1028 (s), 970 (m), 

735 (s) cm-1; 1H NMR (CDCl3, 400 MHz)  4.08-4.00 (m, 4H),  2.93 (br.d, 1H, J= 1.8 Hz), 2.88 (br.d, 
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1H, J= 1.7 Hz), 1.90 (br.s, 1H), 1.73 (br.s, 1H), 1.66 (td, 1H, J= 4.6, 1.0 Hz), 1.55-1.5 (m, 2H), 1.43 

(td, 1H, J= 4.5, 1.8 Hz), 1.31 (t, 6H, J= 7.0 Hz), 1.26 (s, 9H); 13C NMR (APT, CDCl3,100MHz)  175.5 

110.2, 61.0 (d, 2C, J = 5.5 Hz), 53.1, 53.7, 53.5, 35.3, 32.5, 30.2 (3C), 27.9, 24.8, 23.1, 22.7, 16.4 

(2C); 31P NMR (CDCl3, 160 MHz)  19.00; HRMS (EI) calcd [M+] for C17H27O3P m/z 310.1698, found 

310.1692. 

Cycloadduct 124r (Table 3, Entry 18). Following the above general 

procedure with alkynyl phosphonate 122r (58.1 mg, 0.302 mmol), 

norbornadiene (127.8 mg, 1.387 mmol) and Cp*RuCl(COD) (4.5 mg, 0.012 

mmol). The crude product was purified by column chromatography (EtOAc/hexanes 7:3) to 

provide cycloadduct 124r (13.6 mg, 0.048 mmol, 15%) as a light yellow oil: Rf  0.19 

(EtOAc/hexanes 7:3);  IR (CH2Cl2, NaCl) 3386 (s), 2979 (m), 1628 (m), 1444 (w), 1231 (m), 1163 

(s), 1024 (s), 968 (s) cm-1; 1H NMR (CDCl3, 400 M z) δ 6.08 (t, 2 , J = 2.7 Hz), 5.24 (t, 1H, J = 5.6 

Hz), 4.36-4.32 (m, 2H),  4.16-4.04 (m, 4H), 2.39 (s, 1H), 2.51 (s, 1H), 2.40 (s, 2H), 1.44 (d, 1H, J = 

9.3 Hz), 1.38 (d, 1H, J = 9.3 Hz), 1.33 (t, 6H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 M z) δ 171.3 

(d, J = 11.2 Hz), 135.7, 135.3, 129.3 (d, J = 197.1 Hz), 62.1 (d, J = 5.7 Hz), 62.0 (d, J = 5.8 Hz), 61.4, 

45.9 (d, J = 31.3 Hz), 43.0 (d, J = 8.1 Hz), 39.5, 38.9, 37.8, 16.4 (d, J = 6.3 Hz), 16.3 (d, J = 6.4 Hz); 

31P NMR (CDCl3, 160 M z) δ 12.38; HRMS (CI) calcd for C14H21O4P [M+H]+ m/z 285.1256, found 

285.1261. 

3.4.4 Investigation of Observed Degradation of Deltacylene 9g 

 

In attempt to consume all starting alkynyl phosphonate in the ruthenium catalyzed 

homo Diels-Alder [2+2+2] cycloaddition of alkynyl phosphonate 122g the typical reaction was 

performed as per general procedure (A) for a 24 hour reaction period. This resulted in decreased 

yield of deltacyclene 123g as well the low polarity degradation product 127 was isolated and 
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characterized. To investigate the formation of this product the following decomposition study 

was performed in the absence of ruthenium catalyst assuming that if the degradation product 

127 was formed in the absence of Cp*RuCl(COD) it would also be formed in the presence of the 

catalyst.  

Deltacyclene 127 (Scheme 4).  Deltacyclene 123g (28.1 mg, 0.078 mmol), 

and NMP (1.0 mL) were added to a screw cap vial in the glovebox and 

sealed. The mixture was stirred outside of glovebox at 160° C for 48 hr. The 

crude product was purified by column chromatography (EtOAc/hexanes 7:3) 

to provide deltacyclene 127 (2.4 mg, 0.011 mmol, 14%) as a light yellow crystalline solid: Rf  0.78 

(EtOAc/hexanes 7:3); IR (CH2Cl2, NaCl): 2926 (m), 2855 (m), 1597 (w), 1492 (w), 1175(w), 913(s) 

cm-1, 1H NMR (CDCl3, 400 MHz)  7.37-7.35 (m, 2H), 6.86-6.84 (m, 2H), 6.23 (d, 1H, J= 2.8Hz), 

3.80 (s, 3H), 3.02 (s, 1H), 2.69 (s, 1H), 2.08 (s, 1H), 1.75-1.72 (m, 1H), 1.60-1.59 (m, 2H), 1.40-

1.39 (m, 2H); 13C NMR (APT, CDCl3,100MHz)  158.5, 147.7, 129.6, 127.2 (d, J = 2.05Hz), 126.0 (d, 

J = 2.05Hz), 113.9, 113.8, 56.5, 55.3, 50.0, 49.3, 32.7, 29.7, 25.4, 24.2, 22.2; HRMS (EI) calcd [M+] 

for C16H16O m/z 224.1201, found 224.1209. 
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Appendix	  1:	  NMR	  Data	  of	  Lead	  Compounds	  Isolated	  from	  Allium	  sp.	  
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Zoom	  (6.5-‐3.0	  ppm)	  of	  1H	  spectrum	  of	  SU6-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3	  	  

Zoom	  (3.0-‐0.0	  ppm)	  of	  1H	  spectrum	  of	  SU6-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3	  	  
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13C	  JMOD	  spectrum	  of	  SU6-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3	  

HSQC	  spectrum	  of	  SU6-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3i	  
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A1.2	  1H	  NMR	  data	  for	  compound	  SU3-‐1	  

Fu
ll	  

1 H
	  sp

ec
tr
um

	  o
f	  S

U
3-‐
1	  
ac
qu

ire
d	  
on

	  4
00
	  M

Hz
	  N
M
R,
	  so

lv
en

t	  C
DC

l 3	  

10
9

8
7

6
5

4
3

2
1

pp
m0.793

0.842
0.853
0.871
0.992
1.244
1.579
1.601
1.618
1.664
1.682
1.701
1.792
1.810
2.195
2.219
2.233
2.255
2.282
2.294
2.305
2.316
2.328
2.338
2.467
2.486
2.505
3.202
3.215
3.372
3.390
3.563
3.649
3.657
3.676
3.811
3.868
4.182
4.202
4.437
4.456
5.288
6.140
6.155
6.185
6.245
6.298
7.940
7.969
7.985
8.014
8.550
9.364
9.503

7.14

18.36
4.15
4.06
2.93
2.01
1.92
1.25
1.06

3.09
3.22
3.24
7.53
2.88

0.99
1.00

1.21
1.98

1.00

1.04

1.09
1.09

153	  



Zoom	  (10.0-‐6.0	  ppm)	  of	  1H	  spectrum	  of	  SU3-‐1	  acquired	  on	  400	  MHz	  NMR,	  solvent	  CDCl3	  	  

Zoom	  (5.0-‐3.0	  ppm)	  of	  1H	  spectrum	  of	  SU3-‐1	  acquired	  on	  400	  MHz	  NMR,	  solvent	  CDCl3	  	  
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13C	  JMOD	  spectrum	  of	  SU3-‐1	  acquired	  on	  400	  MHz	  NMR,	  solvent	  CDCl3	  

HSQC	  spectrum	  of	  SU3-‐1	  acquired	  on	  400	  MHz	  NMR,	  solvent	  CDCl3	  
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A1.3	  1H	  NMR	  data	  for	  compound	  SU3-‐2	  
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Zoom	  (8.0-‐6.0	  ppm)	  of	  1H	  spectrum	  of	  SU3-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3	  	  

Zoom	  (6.0-‐3.0	  ppm)	  of	  1H	  spectrum	  of	  SU3-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3	  	  
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13C	  JMOD	  spectrum	  of	  SU3-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3	  

HSQC	  spectrum	  of	  SU3-‐2	  acquired	  on	  600	  MHz	  NMR,	  solvent	  CDCl3	  
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Appendix 2: Selected Examples of NMR Spectra from Study of HDA 

Cycloadditions 
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400 MHz 1H Spectrum in CDCl3 

100 MHz 13C Spectrum in CDCl3 
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400 MHz 1H Spectrum in CDCl3 

100 MHz 13C Spectrum in CDCl3 
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400 MHz 1H Spectrum in CDCl3 

100 MHz 13C Spectrum in CDCl3 
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400 MHz 1H Spectrum in CDCl3 

100 MHz 13C Spectrum in CDCl3 

 


