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ABSTRACT         
 
 
 

RUTHENIUM-CATALYZED CYCLOADDITIONS BETWEEN ALKYNYL 
PHOSPHONATES AND BICYCLIC ALKENES 

 
 
 

Neil Cockburn       Advisor: 
University of Guelph, 2009      Professor W. Tam 
 
 
  
     Ruthenium-catalyzed cycloadditions of bicyclic alkenes with alkynyl phosphonates 

were investigated. In regard to the Ru-catalyzed [2+2] cycloadditions, the phosphonate 

moieties were found to be compatible, giving the corresponding cyclobutene 

cycloadducts in low to excellent yield (up to 96%). Alkynyl phosphonates showed lower 

reactivity than other heteroatom-substituted alkynes such as alkynyl halides, ynamides, 

alkynyl sulfides and alkynyl sulfones, and required a higher reaction temperature and 

much longer reaction time. To this end microwave heating was employed to expedite the 

reaction. While yields comparable to the conventionaly heated cycloadditions were not 

achieved, the reaction was much faster by microwave heating. In direct comparison over 

a 2 h period, yields were much greater in the microwave heated reactions. 

Computational studies determined that the electronic nature of the triple bond is 

sufficiently different in alkynyl phosphonates compared to other substituents. 

 While investigating solvents of varying polarity in the microwave assisted [2+2] 

cycloaddition a new mode of reaction, previously unknown to this catalyst, was 

discovered. At elevated temperatures, in polar solvents, norbornadiene undergoes a Ru-

catalyzed [2+2+2] homo Diels-Alder cycloaddition with alkynyl phophonates. This 

reaction was optimized to produce excellent yields with the model alkynyl phosphonate 

studied. Investigation of other alkynes revealed that the scope of this reaction may be 

limited to phosphonate substituted alkynes.  
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1.1. Introduction 

In the current world climate it is not enough for a synthetic chemist to simply be able 

to produce a desired product. With rising cost of crude petrochemicals as well as 

growing global concerns for the environment new chemical reactions need to be as 

efficient as possible to reduce both cost and waste. Since Trost coined the term “atom 

economy” in 1991 the need for such economy has only grown.1 Trost felt that through 

the implementation of transition metal catalysis (TMC) novel reaction pathways could be 

discovered to improve syntheses of increasingly complex target molecules. 

An important step in any synthesis is to construct the necessary carbon backbone 

upon which any necessary functionality can be found. To this end various fragments 

need to be brought together through the formation of C-C bonds. One important method 

of C-C bond formation is the implementation of cycloadditions, in which multiple single 

bonds can be formed simultaneously to convert unsaturated hydrocarbons into more 

complex ring structures. The use of transition metal catalysts increases the scope of 

cycloadditions even further by bypassing certain electronic constraints while providing 

potential relativities previously not afforded by simple thermal or photochemical means.  

While investigating these cycloadditions it is important to investigate the affects of 

various functional groups on the reactivity of the reactions partners. The scope of these 

functional groups should run the gamut of relevant heteroatoms including, but not limited 

to, nitrogen, oxygen, halogens, sulphur as well as phosphorus. 

To better understand the species involved in this work the introduction that follows 

explores the relevant chemistry of ruthenium as a catalyst in organic synthesis, 

norbornadiene and related fused [2.2.1] bicyclic frame works in addition to related 

phosphorus chemistry. The potential application of the cycloadducts synthesized in the 

research presented in this work will also be discussed. 
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1.2. Ruthenium in Organic Synthesis 

Ruthenium is one of the most versatile metals to be found on the periodic table. It 

possesses the greatest range of oxidation states, with compounds ranging from Ru(+2) 

in Ru(CO)4
2- all the way to Ru(+8) in RuO4. It also can adopt various coordination 

geometries within those oxidation states. It is one of the most affordable metals in its 

group and period. Despite its attractive properties, until the last few decades useful 

ruthenium reactions were limited; more common reactions included hydrogenation and 

hydrogen transfer reactions and oxidation with the aforementioned RuO4. The limitations 

in ruthenium catalysis were in part due to its very strengths. Neighboring elements, such 

as palladium, have limited chemistry which has been thouroughly explored, however, 

expanding upon the chemistry of ruthenium is a much larger undertaking.2 More recently 

however ruthenium has found a wealth of uses in synthesis including the use of π-

allylruthenium, carbene and ruthenacycle species (Figure 1.1) as well as the use of 

ruthenium complexes as Lewis acids.2 

[Ru]
R

[Ru]
[Ru]

A) B) C)  

Figure 1.1: A) π-allyruthenium; B) ruthenacycle; C) Ru-carbene. 

 The use of ruthenium-carbenes in olefin metathesis is certainly one of the most 

studied developments in ruthenium catalysis in recent years. While there were other 

metal-carbene complexes found to undergo olefin metathesis their scope was limited 

due to higher affinity for carbonyls and hydroxyl groups compared to alkenes. Ruthenium 

avoided this problem due to its high affinity for alkenes over other functionalities. The 

further development of ligand variations has allowed for the various modes of olefin 

metathesis (Scheme 1.1) to become incredibly important both in industry and in small 
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scale product synthesis; creating catalysts that are highly tuneable, often air stable, and 

that work below 90 °C.2 

ring-closing metathesis

R1 R2 cross metathesis
R1 R2

acyclic diene metathesis

polymerization
n

n

n

ring-opening metathesis

polymerization

+

+

+

+n

+

 

Scheme 1.1: Examples of olefin metathesis (adapted from Ref 2) 

An interesting development in ruthenium catalysis is the use of ruthenium as a Lewis 

acid. Traditional Lewis acids, which are made up of main group elements or early 

transition metals with halides or f-block elements, have been extensively studied and 

show the ability to catalyze a wide array of reactions, though often in stoichiometric 

amounts. Certain ruthenium complexes with low redox potential find themselves in a 

new class of late transition metal Lewis acids. These compounds, while acting in 

catalytic amounts, allow for milder conditions and the possibility of ligand tuning and 

optimization as is found in traditional Ru-catalysis. The other opportunity that the ligand 

system presents is the implementation of chiral ligands which import selectivity to the 

reactions as well.3  

The final reaction mode of ruthenium to be explored in this section is that of 

ruthenacycle, that is to say, a cyclic carbon structure where one atom is a ruthenium. 

This is the reaction intermediate upon which the cycloadditions in this work are based. 

The ruthenacycle intermediate can be formed through the oxidative cyclization of two 
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unsaturated moieties. These reactions are typically used to create new C-C bonds 

through the reductive elimination of the Ru species.  

One use of the ruthenacycle pathway that has been explored is the [2+2+2] 

cyclotrimerization of alkynes.  This reaction can be used to create substituted aromatic 

species. The mechanism for this reaction can be seen in Scheme 1.2. As seen, the 

ruthenium inserts into the two alkynes. It then coordinates to the third alkyne and 

undergoes a sort of [2+2] cycloaddition between the alkyne and ruthenacycle. The 

bicycle formed expands and reductively eliminates to form the aromatic species.2 

Ru Cl

2
-COD Ru Cl

Ru Cl Ru Cl

Ru ClRu ClRu
Cl

2

 

Scheme 1.2: Proposed mechanism for Ru-catalyzed cyclotrimerization (adapted from Ref 2) 

The cyclotrimerization of alkynes has been expanded to include tethered species as 

well as trimerization between alkynes and other unsaturated species including alkenes, 

nitriles and isothiocyanates. This versatility allows for the formation of a wide variety of 

polycyclic aromatic species (Scheme 1.3).4    
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N N

X

R
R

+

+

Y
C
X

Y

X,Y = N, S, O

[Ru]

[Ru]

[Ru]

[Ru]

[Ru]

 

Scheme 1.3: Examples of ruthenium-catalyzed cyclotrimerizations. 

Ruthenacyclopentenes are also intermediates in the [2+2] cycloaddition between 

alkynes and bicyclic alkenes (Scheme 1.4 A, to be discussed in detail in Chapter 2), 

cyclopropanation and Alder-ene type coupling.2 The cyclopropanation between a 

propargylic alcohol and norbornene (Scheme 1.4 B) was shown to go through a 

ruthenacycle intermediate followed by β-hydroxide elimination before reductively 

eliminating to produce the cyclopropane. When an alkene with an allylic proton is 

reacted with an alkyne the allylic proton can undergo β-hydride elimination from the 

ruthenacycle. This produces the 1,4-diene product of an Alder-ene coupling (Scheme 

1.4 C).2 

CO2Me

CO2Me

+
CO2Me

CO2Me

[Ru]

OH
+ [Ru]

O

R1R1

R2
+ [Ru] R2

R1

R1

A)

B)

C)
 

Scheme 1.4: Ru-catalyzed A) [2+2] cycloaddition; B) cyclopropanation; C) Alder-ene coupling. 
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1.3. Fused [2.2.1] Bicycles 

Norbornene 1 (bicyclo [2.2.1] hept-2-ene, NBN) and norbornadiene 2 (bicyclo [2.2.1] 

hepta-2,5-diene, NBD) are the alkene backbones upon which this work is performed. It is 

therefore important to understand the chemistry innate to these systems. Figure 1.2 

shows the numbering scheme employed to designate specific positions as well as the 

exo and endo face of the molecule. It should be noted that C4 and C1 are often referred 

to as the bridgehead positions. The structure of these molecules is crucial to their 

reactivity. The most apparent reason being the ring strain brought on by the bridging 

forces the vinyl carbons to adapt harsh bonding geometries, with the C1-C2-C3 bond 

angle at approximately 107° (below the expected 120° expected of sp2 hybridization). 

Norbornene has been found to possess a ring strain of 17.6 kcal/mol, which is 

comparable to the fully saturated analogue, while norbornadiene has 25.6 kcal/mol of 

ring strain.5 Complexation to a metal center can help alleviate some of this strain. 

1
2

345

6

7 exo face

endo face  

Figure 1.2: Norbornene 

The proximity of the C7 to the alkene reaction site also brings about the effects of 

hyperconjugation. As the name implies, hyperconjugation occurs when there is 

conjugation over and above the level of conjugation ordinarily recognized.6 An early 

example of this effect was seen in the work of Mulliken who, in 1939, found that adding 

alkyl groups to conjugated systems shifted the UV-vis spectra to lower energy.7 More 

recently it was found that the rotational barriers in ethane do not arise from steric 

interactions, as is often reported, but are in fact due to hyperconjugation between the  

σC-H orbital on one carbon to the σ*C-H on the adjacent carbon.8,9 The hyperconjugation 
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observed in the fused bicyclic systems is a result of the interaction with the bridging C-C 

bonds and C7-H (Figure 1.3 A). This leads to an increase in the electron density of the 

exo face as compared to the endo face of the molecule (Figure 1.3 B).10 

A) B) C)

exo

endo

C2 C3

 

Figure 1.3: A) Hyperconjugation from bridge; B) Electron density around alkene bond; C) 
Homoconjugation in 2. Adapted from Ref 10. 

An additional conjugation interaction experienced by norbornadiene is that of 

homoconjugation between its double bonds. The homoconjugation, so named due to the 

separation of the olefins by the sp3 carbons C1 and C4 keeping the π-systems from being 

traditionally conjugated, arises from the proximity brought on by the fused structure of 

the molecule, similar to hyperconjugation (Figure 1.3 C). This effect has been observed 

in the photoelectron spectrum of NBD. Therefore, while the alkenes are isolated the 

three dimensional structure of the molecule allows for through space interaction that can 

affect reactivity.11 The unique chemistry of NBD has allowed for the development of 

many transition metal catalyzed reactions some examples of which are shown in 

Scheme 1.5.12 
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R

R

R

EWG

R

O
R

M-cat.
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R

EWG

Ni-cat.

R
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[2+2]

[2+2]

[2+2+2]

[2+2+2]
[4+2+2]

Ni-cat.

[2+2+2+2]
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[6+2+2]

[3+2]
Pd-cat.

Co2(CO)8
R

[2+2+1] (a) (b)

(c)

(f)

(g)(h)(i)

(j)

(e)

(d)

2

 

Scheme 1.5: Selected TMC reactions involving NBD (adapted from Ref. 12) 

The substitution of a heteroatom in the 7 position, substitutions on the bridgeheads 

and the addition of an aromatic ring on one of the double bonds are some of the ways to 

alter the reactivity of the alkene. The most notable example of this is 

oxabenzonorbornene 3. Varying the reaction conditions while using the same ruthenium 

catalyst gives rise to a wide array of products (Scheme 1.6).13,14,15 Cyclodimerization of 

oxabenzonorbornene was observed in the presence of a rhodium catalyst.16  The 

relative strain energies due to structural variations of norbornene (oxa, benzo, etc.) have 

been calculated.17 However, the absolute energies of the benzonorbornenes could not 

be determined to allow for direct comparison to norbornene structures previously 

calculated.18 
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Scheme 1.6: Transition metal catalyzed reactions of oxabenzonorbornene 

 

1.4. Organophosphorus Chemistry 

As this work deals with alkynyl phosphonates a look into the chemisitry of 

organophosphorus compounds is in order. Phosphorus is a group 15 element below 

nitrogen. The chemistry involving phosphorus is more complex than that of nitrogen due 

to the availability of the d-orbitals to expand the possible oxidation state of P and its 

coordination geometries. The most common oxidation states are P(+3) and P(+5). The 

chemistry is further diversified due to the addition of the widespread P-O bonds found in 

phosphorus compounds. A sample of organophosphorus compounds is seen in Figure 

1.4. 

Ref 13 Ref 13 

Ref 14 Ref 15 

Ref 16 

Ref 12 



- 11 - 
 

PR3 

O=PR3 

P(OR)R2

P(OR)2R

P(OR)3

O=P(OR)R2

O=P(OR)2R

O=P(OH)2R

O=P(OR)3

- phosphine

- phosphine oxide

- phosphinite

- phosphonite

- phosphite

- phosphinate

- phosphonate

- phosphonic acid

- phosphate

 

Figure 1.4: Examples of organphosphorus compounds 

Organophosphorus compounds can have significant biological impact. Adenosine 

triphosphate (ATP) is the ubiquitous method of energy storage and transfer in living 

things. One of the most well known herbicides, glyphosate, developed by Monsanto is 

known under the trade name Roundup. The pharmaceutical industry has developed 

bisphosphonates which are able to combat osteoporosis and other bone related 

illnesses. They perform by being absorbed by osteoclasts, cells responsible for bone 

break down, and interfering with cell energy metabolism.19 

1.4.1. Phosphonates 

Due to the large array of chemistry involving organophosphorus compounds the focus 

will now be narrowed to deal with the phosphorus functionality of interest in this work, 

the phosphonate. Otherwise known as phosphonic acid diesters, phosphonates are 4-

coordinate P(+5) species with two alkoxy groups, a doubly bonded oxygen and a direct 

P-C bond. Phosphonates are often used as phosphonite analogues due to the aptitude 

for phosphonites to oxidize and form phosphonates. They can also act as phosphate 

analogues. This can provide metabolic stability of a particular P-OR bond by having a P-

CH2R bond in its place. The P-C bond is not hydrolysable while P-O bonds are. The P-C 

bond therefore extends the lifetime of these analogues in vivo allowing for better 

investigation of enzymatic systems.20 An example of this is cyclophostin 4, a compound 

of biological interest; it and its phosphonate analogue 5 can be seen in Figure 1.5.21 
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Figure 1.5: Cyclophostin 4 and its phosphonate analogue 5. 

One of the most common methods for synthesizing phosphonates is the Michaelis-

Arbusov reaction (Scheme 1.7). This method reacts a phosphite with an alkyl halide 

producing the desired phosphonate as well as a new haloalkane. The mechanism is 

shown in Scheme 1.7. Initially the lone pair on the phosphorus performs an SN2 

substitution at the halogen position. The free halogen then attacks one of the alkoxy 

groups yielding the phosphonate and newly halogenated alkyl group.22   

P(OR1)3 R2X R2P(OR1)2 R1X+ +

P
OR1R1O

OR1

R2 X
P OR1R1O
O

R2

R1

X-

R2 P
O

OR1

OR1
R1X+

 

Scheme 1.7: Reaction scheme and mechanism for the Michealis-Arbosov reaction. 

This method of phosphonate synthesis is not effective in reactions of α-halo ketones 

(Scheme 1.8). These go on to perform the Perkow reaction, forming a vinyl phosphate. 

This is due to the contribution of the enol resonance structure of the phosphonium 

intermediate.22 

P
ORRO

OR

O

X
+

P ORRO
OR

O

P ORRO
O

O

R

X- P ORRO
O

O

+ RX

 

Scheme 1.8: Mechanism for the Perkow reaction. 

Another long standing method for phosphonate synthesis is the reaction of a 

phosphonyl halide, where desired alkyl functionality is already bonded to the 
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phosphorus, with alcohol in the presence of base (Scheme 1.9). The alcohols become 

the alkoxy groups and the base is needed to neutralize the acid formed through the 

reaction.22 

P
O

X
X

R  2 R1OH+ pyridine
P
O

OR1

OR1
R

 

Scheme 1.9: Formation of phosphonates from phosphonyl halides. 

Once employed in a reaction of interest, phosphonates can be converted to various 

phosphorus moieties via well established procotols. The phosphonate can be reduced all 

the way to the primary phosphine using lithium aluminum hydride, trialkyl silane or other 

reducing agents.23 LiAlH4, in the presence of AlCl3 in THF at -78 °C has been shown to 

selectively reduce an alkynyl phosphonate to an alkynyl phosphine, a lack of aluminum 

chloride reduces the alkyne as well (Scheme 1.10).24  
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LiAlH4, THF, -78 oC

 

Scheme 1.10: Reduction of alkynyl phosphonate to primary phosphine 

Primary phosphines are highly reactive and can be converted to any number of 

phosphorus functionalities. The phosphine can be reacted directly with an alkylhalide to 

produce the corresponding tertiary phosphine. Unsaturated species can be reacted with 

the electrophilic phosphine. This includes reaction with an alkene to produce a tertiary 

phosphine.25 Reaction with an alkyne produces a vinyl phosphine,26 while formylation 

produces water soluble phosphines.27 Cyclic tertiary phosphines can be made through 

reaction with a cyclic sulfate; this is the method with which the chiral ligand DuPHOS is 

synthesized. The phosphine can also be partially oxidized to form a primary phosphine 

oxide,28 or fully oxidized to the phosphonic acid (Scheme 1.11).  
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Scheme 1.11: Selection of reactions to functionalize primary phosphines 

In the realm of synthetic chemistry phosphonates are synonymous with the Horner-

Wadsworth-Emmons (HWE) olefination; and as such it deserves mention. The HWE 

olefination is similar to the Wittig olefination in that it uses an organophosphorous 

compound to create a carbanion to undergo reaction with a carbonyl (Scheme 1.12). 

The major differences being that the ylide used in the Wittig olefination is a phosphonium 

species, and that the HWE reaction requires a resonance stabilizing group α to the 

carbanion to be formed and thusly β to the phosphonate..29 
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Scheme 1.12: HWE olefination 
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1.4.2. Alkynyl Phosphonates 

Due to the stability of alkynyl phosphonates (already fully oxidized) much of the 

chemistry involving alkynyl phosphorus compounds has been performed in this area. 

Recently, however work has been published on the application of chiral alkynyl 

phosphines in place of chiral aryl phosphines as ligands in selective TMC reactions.30 

Alkynyl phosphonates are most often used to create substituted vinyl phosphonates. 

These vinyl phosphonates can be used as important synthetic intermediates31 as well as 

polymer additives, flame retardants, and drug or agrochemical intermediates.32 There 

are a number of methods to convert the alkynyl phosphonates to vinyl phosphonates. 

The simplest method is to partially hydrogenate the triple bond by using hydrogen gas 

and Lindlar’s catalyst (Scheme 1.13 A).32 Some of the methods used to produce 

functionalized vinyl phosphonates from alkynyl phosphonates include: simple addition of 

a secondary amine (Scheme 1.13 B),33 hydrostannation followed by Stille coupling 

(Scheme 1.13 C),34 or addition of imines via titanium catalyst (Scheme 1.13 D).35 
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O R2HC NHR3 P(OR)2R1

H

O

HN

R2

R3

A)

B)

C)

D)

 

Scheme 1.13: Conversions of alkynyl phosphonates to vinyl phosphonates. 
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Alkynyl phosphonates can be synthesized in a number of ways. The first method 

employed is the traditional Michealis-Arbusov reaction where a terminal alkynyl halide is 

reacted with the desired phosphite (Scheme 1.14 A).36 The same halo alkyne could be 

converted into the corresponding Grignard reagent and combined with an electrophilic 

chlorophosphate.37 Oh et al. developed a similar method where a terminal alkyne was 

deprotonated by n-BuLi, the carbanion nucleophilicity attacks a chlorophosphate 

producing the alkynyl phosphonate (Scheme 1.14 B).38  A recently developed synthetic 

route involves the palladium coupling of a dibromo alkene with an H-phosphonate 

(Scheme 1.14 C).39 There have been other, albeit much more elaborate, syntheses 

reported in literature as well to acquire alkynyl phosphonates with specific 

functionalities.34a,40 
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Scheme 1.14: Selected syntheses of alkynyl phosphonates. 

1.4.3. Alkynyl Phosphonates in Cycloadditions 

There are limited examples of alkynyl phosphonates in both traditional and TMC 

cycloadditions. The traditional cycloadditions include [2+2], [3+2] and [4+2] 

cycloadditions. The aforementioned [2+2] cycloaddition occurred between alkynyl 

phosphonates and an enamine under thermal conditions. No cyclobutene product could 

be isolated however. Temperatures of 85 – 100 °C were necessary to initiate the 

cycloaddition but caused spontaneous electrocyclic ring opening to form the diene that 

was then isolated (Scheme 1.15).41 
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Scheme 1.15: Thermal [2+2] cycloaddition of alkynyl phosphonates and enamines. 

The [3+2] cycloadditions performed on alkynyl phosphonates were used to produce 

five membered heterocycles with phosphonate functionality. This series of reactions was 

performed by a number of groups using diazoalkanes, azides and nitrones as the 1,3 

dipoles. The reactions took place at moderate temperatures with fair to excellent yields. 

Examples of the compounds that can be produced are pictured in Figure 1.6. As one 

might expect the [4+2] cycloadditions involving alkynyl phosphonates simply use the 

electron withdrawing phosphonate functionality to allow the alkyne to act as a dienophile. 

Any number of dienes are available to perform such a reaction.36  
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Figure 1.6: Sample of compounds produced by [3+2] cycloadditions. 

Examples of TMC cycloadditions with alkynyl phosphonates are more limited, though 

two examples have been published in the last two years. The first is the formation of 

axially chiral biaryl phosphonate compounds via entantioselective Rh-catalyzed [2+2+2] 

cycloaddition (Scheme 1.16 A).42 This methodology was then expanded to include a 

tandem [2+2+2] process to synthesize diphosphonate species resembling BINAP (see 

Section 1.5.1).43 The second example is recent report of a Mo-catalyzed intramolecular 

Pauson-Khand reaction.44 Previous to this work it was found that the typical Co-

catalyzed Pauson-Khand reaction was not possible due to the high electron withdrawing 

nature of the phosphonate; stabilizing the transition state to the point of halting the 
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reaction.45 This was able to be circumvented by employing a molybdenum catalyst and 

running the reaction in an intramolecular fashion (Scheme 1.16 B).44 

A)

B)

OR

P(O)(OEt)2

Z +

OR

Z

P(O)(OEt)2
*

Rh(COD)2]BF4
(R)-H8-BINAP
CH2Cl2, RT, 1h

Yield: >99%
ee: 95-97%

P
O

OEt
OEtO

R
R

Mo(CO)6
Yield: 45-88% O

R
R

P(O)(OEt)2

O

 

Scheme 1.16: Transition metal catalyzed cycloadditions with alkynyl phosphonates 

1.5. Chiral Ligands for Transition Metal Catalysis 

As mentioned in Section 1.4.1 the phosphonate products in this work can be 

converted to phosphines. This is an important possible application of the products 

formed in this study. Phosphines are important ligands in TMC reactions. Simple 

triphenyl phosphine is commonly used to form transition metal complexes that will lose 

the phosphine in order to open up a coordination site for the target molecule of interest. 

Conversely, more complex phosphine ligands are crucial in the development of novel 

chiral TMC methodologies. 

1.5.1. Bisphosphine Ligands 

Some of the earliest work in chiral homogeneous catalysis was performed by 

Knowles in 1968 at Monsanto. The work exchanged triphenyl phosphine with a chiral 

phosphine 6 (Figure 1.7) on a rhodium metal center. The chirality, found specifically on 

the phosphorus, imparted a small amount of selectivity to the rhodium catalyzed 

hydrogenation of alkenes.46 Knowles was able to refine his method and increase the 
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enatiomeric excess (ee) up to 95% with a chelating bisphosphine ligand DiPAMP 7.47 

This catalytic system was then employed to synthesize L-DOPA 8, a treatment for 

Parkinson’s disease, on a commercial scale.  

P
Ph

MePr
PP

7

OMe

MeO

O

OH
NH2

HO

HO

86  

Figure 1.7: From left: chiral phosphine, DiPAMP, L-DOPA. 

Following Knowles’ work Kagan found that the phosphorus atom itself did not have to 

be the chiral center. In 1972, he synthesized DIOP (Figure 1.8), the first example of what 

would become the large field of C2 symmetric bisphosphine ligands. This was important 

because adding phosphorus to chiral backbones is often easier than forming a chiral 

phosphine.48 Noyori expanded on this idea with the synthesis of BINAP (Figure 1.8) in 

1980. Another C2 symmetric bisphosphine, BINAP is axially chiral (there is no specific 

chiral atom) and is held in either its R of S conformation due to the steric hindrance 

involved in the rotation of one naphthalene group past another.49  
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PPh2

H

H
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PPh2
PPh2

(S)-BINAP

PP
R

RR

R

DuPHOS  

Figure 1.8: Examples of bisphosphines with chiral backbones. From left: (S,S)-DIOP, (S)-BINAP, 
DuPHOS. 

The above work was elemental in the development of asymmetric TMC and has been 

recognized as such. In 2001, Knowles and Noyori were each awarded a quarter share of 

the Nobel Prize for their work in asymmetric TMC hydrogenations (the other half of the 

prize going to Sharpless for his epoxidations). Similarly, the Wolf prize of the same year 
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was shared between Kagan, Noyori and Sharpless. The chiral phosphine ligands work 

by creating a chiral environment around the metal center of the catalyst. During the 

catalytic cycle one coordination conformation is favoured. This lowers the relative energy 

of one transition state compared to the other, leading to one enantiomer being made in 

excess. The greater the energy difference the greater the excess. This concept is 

depicted in a simplistic fashion in Figure 1.9.  

 

Figure 1.9: Chiral (handed) catalysts favour certain enantiomers. Adapted from Ref 50 

 Modern ligand design follows one of two possible routes. The first is to modify the 

structure of what have been termed the “privileged” ligands.51 That is, working off the 

basic structure of ligands like BINAP and DuPHOS which have been shown to lend 

asymmetry to a wide array of reactions, and tailoring the sterics or electronics to the task 

at hand.52 The second route is to develop novel ligand structures which have the 

potential of becoming the new privileged ligand. 

1.5.2. Monophosphine Ligands 

One variation on the BINAP ligand framework is axially chiral monophosphine ligands 

or MOPs. It could be imagined that the excellent enantioselectivity that BINAP offers is 

derived principally from the chelation of the two phosphines to the metal center, and 

therefore removing one of the coordination sites would remove the effectiveness of the 

ligand. There are situations however, where a bisphosphine ligand is not an option; be it 

low selectivity, reduced reactivity or more simply that one coordination site is available 
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for the ligand to bind to. The need to access these reactions in an asymmetric manner 

led to the development of monophsphine ligands. These ligands, though only 

coordinating through one site have been shown to create the desired chiral environment 

around the reaction site. Monophosphines based on the BINAP framework have proved 

to be effective in asymmetric Pd-catalyzed hydrosylation of alkenes. The field of chiral 

monophosphines has expanded to include a variety of structures and applications 

(Figure 1.10). 53 

PPh2
OMe PPh2 Fe PPh2

OMe
MeH

 

Figure 1.10: Sample of chiral monophospine ligands. 

1.5.3. Olefin Ligands 

To digress from phosphines for the moment, there is another class of ligands carving 

its own path. Generally chiral alkenes have not been employed in asymmetric TMC 

reactions. This is due to their lower affinity for metal centers. Even with chelation, most 

alkene systems would be lost through the catalytic cycle and thus the catalytic reaction 

environment would be lost. Alkenes are more commonly used as place holders, keeping 

a complex coordinatively saturated until introduced to the reaction conditions where it 

will dissociate and allow for coordination to the reagent of interest. An example of this is 

the common use of 1,5-cyclooctadiene in catalysts. 

Despite the apparent issues with chiral alkene ligands certain [2.2.1],54 [2.2.2]55 and 

more recently [3.3.1]56 bicyclic systems have been employed successfully. The dienes of 

interest can be tailored via the substituents found on the alkenes or by modifying the 

carbon bridge. The most extensively studied application of these ligands is the Rh-
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catalyzed asymmetric conjugate addition of boronic acids to unsaturated ketones. This 

shows that olefin-metal complexes are stable enough to be considered for TMC 

reactions. Examples of the chiral olefin ligands developed are seen in Figure 1.11. 
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Figure 1.11: Selection of new chiral olefin ligands. 

1.5.4. Phosphine-Olefin Ligands 

At the crossroads of monophosphine and alkene ligands lies an interesting 

development. Chiral monophospine ligands do not necessarily have to coordinate to a 

metal center in a monodentate fashion. Other heteroatoms for example, can coordinate 

to the metal center as well; creating the chelating effect observed in bisphosphines. 

Chiral P,N-ligands, such as PHOX 9 (Figure 1.12), are established examples of this.   

N

O

PPh2
i-Pr

9  

Figure 1.12: P,N-ligand PHOX 9. 

The secondary coordination does not have to come from a heteroatom, however, it 

has been found that olefins can coordinate to the metal center as well. An early form of 

this mode of coordination was the discovery that certain MOPs that were originally 

thought to be monodentate had the ability to coordinate as bidentate ligands. Crystal 

structures of a MOP coordinated to Pd revealed contact between the metal and π-

density on the non-phosphine containing naphthalene in an η2 fashion.57   
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Figure 1.13: Bidentate MOP coordinated through π-system. 

The field of phosphine-olefin ligands is growing with a diverse group of ligand 

structures being investigated (Figure 1.14).58 These ligands have proven effective in 

steering a number of reactions including Pd-catalyzed asymmetric allylic alkynations59 

and the formation of conjugated diynes though Pd-catalyzed cross coupling of alkynes.60 

Many of the products in this work will have phosphorus functionality as well as π-

systems, be it alkenes or aromatic groups. This raises the possibility of these products 

being used as phosphine-olefin ligands in the future. 
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Figure 1.14: Sample of the diverse structures of P-olefin ligands. 

 

1.6. 31P Nuclear Magnetic Resonance Spectroscopy 

31P Nuclear Magnetic Resonance (NMR) Spectroscopy will be an important tool in 

examining the products of this work. This mode of NMR spectroscopy is not as common 

place as the related 1H or 13C NMR techniques and so, will be looked at briefly. 31P is the 

only natural isotope of phosphorus (100% abundance), it is a spin ½ nucleus and has a 

fairly high magnetogyric ratio (17.235 MHz/T). While its receptivity is around 6000 times 

less than that of 1H, it is over 30 times more receptive than 13C. 31P also has a wide 
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chemical shift range of 430 ppm; from -180 to 250 ppm relative to 85% H3PO4 in D2O. 

This all amounts to 31P being a good nucleus for NMR spectroscopy experiments.61   

The wide range of chemical shift coupled with the fact that the starting alkynyl 

phosphonates and vinyl phosphonate products will have different electronic 

environments which will result in easily distinguishable 31P NMR signals. The spin of 31P 

is ½ which results in splitting of the proton and carbon spectra due to spin-spin coupling. 

This will complicate 1H spectral analysis slightly though the impact will be more 

significant in the 13C spectra. The direct P-C bond will result in very high coupling 

constants (typical 1JC,P values range from 3498 to 598). The effect of coupling to 31P will 

make the observation of the already low intensity quaternary alkyne and alkene carbon 

signals difficult. The magnitude of vicinal spin-spin coupling (3J) is subject to the dihedral 

angle. There have been Karplus-type curves generated to determine the angular 

dependence for 3JPOCH and 3JPCCH of phosphonates.62  

The 31P spectrum itself is typically run as a 1H decoupled experiment and results in a 

single peak for each phosphorus present, similar to a 13C spectrum. For this reason peak 

integration is not representative of the concentration of the sample. Different phosphorus 

atoms will experience varying degrees of nuclear Overhauser effect (NOE), especially 

those with direct P-H bonds. Decoupling during the relaxation period will affect these 

peaks’ intensities differently. To perform quantitative NMR spectroscopy of multiple 

species there are three possible solutions. The simplest solution is to run a coupled 

spectrum so that the decoupler has no effect on the signal intensities. The second option 

is to perform an inverse gated decoupled experiment. In this experiment the decoupler is 

turned off during the relaxation time, and turned on during acquisition. This removes the 

decoupler effect on signal intensity but improves signal compared to the coupled 

spectrum. In the above scenarios there must be sufficient delays (20 s should suffice) 
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between pulses to ensure all the spins have relaxed to produce a proper quantitative 

spectrum. The third option is to run a fully decoupled experiment with a reference 

amount of all species involved and calculate calibration factors for each species. This 

option requires a reference for each compound but improves the signal intensity 

greatly.63 

1.7. Scope of Thesis 

Past work in the Tam group involving the ruthenium-catalyzed reactions of alkynes 

and bicyclic [2.2.1] alkenes has yielded a wealth of information. Work on the Ru-

catalyzed [2+2] cycloaddition included optimizing the reaction conditions and 

investigating the reactivities of different functional groups on the alkene and alkyne 

components. A number of heteroatom substituted alkynes have also been investigated 

including halogens, nitrogen and sulfer. Chapter 2 will discuss the Ru-catalyzed 

cycloaddition of alkynyl phosphonates. This will add another layer to the chemistry of the 

[2+2] cycloadditions that are possible. 

Through the work discussed in Chapter 2 it was found that high reaction temperatures 

and times were required to perform the cycloaddition. This inspired exploration into 

microwave heating to perform these reactions, as microwave heating has been shown to 

improve reaction times/yields in thermally activated processes. This will be discussed in 

Chapter 3. In determining the best conditions for the microwave heated reaction, an 

additional mode of reaction for the catalyst was discovered. In polar solvents, a Ru-

catalyzed [2+2+2] homo Diels-Alder reaction was possible. Exploration of this reaction is 

seen in Chapter 4. 
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2.1. Introduction 

Four membered butene rings are important targets in organic syntheses. These 

species can be found in certain natural products of biological importance. Barshacolone 

10 for example has been shown to demonstrate some anti-HIV properties.1 

Neofavelanone 11 was discovered while screening for anti cancer agents.2 

Cyclomegestine 12 has shown toxicity towards leukemia cells, and β-Lumicornigerine 13 

is a member in a family of colchicine derivatives (Figure 2.1).3 
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Figure 2.1: Natural cyclobutenes, clockwise: bershacolone, neofavelanone, cyclomegestine,  
β-lumicornigerine. 

Cyclobutene rings are also desirable products due to their inherent ring strain. The 

ring strain energy of a cyclobutene is 30.2 kcal/mol.4 The strain associated with 

cyclobutene rings allows for further reaction, an example of this was already discussed 

in Section 1.4.3 with the spontaneous electrocyclic ring opening of a cyclobutenyl 

phosphonate. The ability to undergo further reaction means that cyclobutene products 

can be used as key intermediates in synthetic schemes. 

 There have been limited attempts to synthesize cyclobutenyl phosphonates reported 

in the literature. A brief summary of the work reported in literature follows. In 1969, Ueda 
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et al. performed a substitution of a fluorinated cyclobutenyl halide with a primary 

phosphonate.5 Darling and Subramanian produced a cyclobutenyl phosphonate via 

enamine cycloaddition and subsequent work up (Scheme 2.1 A).6 Later Regitz 

performed a series of reactions that ended in an electrocyclic ring closure to produce 14 

(Scheme 2.1 B).7 Ruder and Norwoods’ [2+2] cycloadduct that could not be isolated is 

seen in Section 1.4.3.8 A polymer supported solid phase method of synthesis was 

developed in 2007.9 Finally, a zirconium catalyzed reaction with alkynyl phophonates 

and ethyl magnesium chloride was reported earlier this year (Scheme 2.1 C).10  
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Scheme 2.1 : Literature syntheses of cyclobutenyl phosphonates. 

The previous syntheses are limited in scope, involve multiple steps and, in most 

cases, cannot be applied to other substrates (with substitution on the 3 and 4 positions 
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of the ring for example). The ruthenium catalyzed [2+2] cycloaddition should prove to be 

a more attractive method for the synthesis of cyclobutenyl phosphonates.  

2.1.1. [2+2] Cycloadditions 

One of the easiest ways to produce 4 membered rings is via cycloadditions. 

Cyclizations, joining the ends of an acyclic structure, are possible though the ring strain 

limits the ability to form smaller rings and therefore are generally more applicable to 5 

and 6 membered rings. Cycloadditions on the other hand, can be used to bring together 

two unsaturated reagents and form two new σ-bonds by losing two π-bonds. This is a 

concerted process where all bonds are formed simultaneously. Based on the 

Woodward-Hoffman rules [2+2] cycloadditions (involving 4, or 2π·n electrons) are 

photochemically allowed and therefore thermochemically forbidden.11  

Frontier molecular orbital theory can be used to explain the fact that the [2+2] 

cycloaddition is photochemically allowed.  To undergo cycloaddition the two π systems 

have to interact. The highest occupied molecular orbital (HOMO) of one reactant 

interacts with the lowest unoccupied molecular orbital (LUMO) of the other in a 

suprafacial manner. In the ground state this interaction produces negative overlap in the 

orbitals, Figure 2.2 A, and thus the species are unable to react thermally. It is possible 

however to introduce light to the system and promote an electron from the HOMO of one 

reactant into its LUMO. The newly excited species’ HOMO*, previously its LUMO, now 

has the correct orbital symmetry to interact with the unexcited LUMO of another species 

and the reaction proceeds (Figure 2.2 B). 
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Figure 2.2: Orbital overlap for the photochemical [2+2] cycloaddition of ethylene. 

The potential applicability of the photochemically activated [2+2] cycloaddition is 

hampered due to innate limitations in the reaction. The scope of the reaction is limited to 

reactions in which one reagent is activated through bonding to a polar functional group. 

In this way the energies of the HOMO and LUMO of the reaction partners are brought 

closer together allowing the reaction to proceed. The reaction also produces poor 

regioselectivity when reacting unsymmetrical substrates. Despite the shortcomings there 

is a report of a [2+2] photochemical cycloaddition between a bicyclic alkene and an 

activated alkyne. Tsutsumi was able to produce a small amount of cycloadduct from the 

reaction of norbornene 1 and dimethylacetylene dicarboxylate via mercury arc lamp 

(Scheme 2.2).12 

CO2Me

CO2Me

+
h110h CO2Me

CO2Mer.t.

4%1  

Scheme 2.2: The photochemical [2+2] cycloaddition of a bicyclic alkene. 

Lewis acids can be used to catalyze [2+2] cycloadditions, given that one reagent has 

a polar group to coordinate to. This pulls electron density from the double bond and 

lowers the LUMO energy; allowing for nucleophilic attack by an electron rich π-bond of 

another species. Though the Lewis acid catalyzed process occurs in a step-wise manner 

it is still considered a catalyzed cycloaddition due to the product formed.13 AlCl3 was 

used by Snider to promote the stereoselective [2+2] cycloaddition between less 

activated alkynes and alkenes such as NBN (Scheme 2.3).14 While Lewis acid catalyzed 
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reactions improve the reactivity of certain species and can allow for some selectivity of 

products, they require polar groups (similar to the photochemical reaction) attached to 

the π-system and thus are not applicable to a wide array of substrates. 

CO2Me
+ AlCl3, 7d CO2Me CO2Me CO2Me

+ +
benzene, r.t.

22% 6% 4%
1

 

Scheme 2.3: Lewis acid catalyzed [2+2] cycloaddition of a less activated alkyne. 

 

2.1.2. Transition Metal Catalyzed [2+2] Cycloadditions 

TMC cycloadditions involve a metal catalyst that coordinates to the π-system of the 

substrates involved. This leads to bond polarization and a shift in the reactivity of the 

species. This often results in novel reactivity where previously no reaction would occur. 

As well TMC can offer improved selectivity and increased reaction rates where reactions 

would take place when not in the presence of the catalyst.  The coordination of a chiral 

ligand around the metal center also allows for the possibility of asymmetric reactions 

when multiple products are possible. As with Lewis acid catalyzed cycloadditions above, 

the reaction occurs in a step wise fashion and is not strictly a cycloaddition in terms of 

being a concerted process. The synthetic community accepts these reactions as 

cycloadditions however, and reports them as such in literature. 

The first major advance in TMC cycloadditions, beyond the dimerization of 

norbornadiene seen in the 1950’s,15 was the work of Cannell in 1972. In the presence of 

a titanium catalyst the [2+2] cycloaddition between unactivated ethylene and 1,3-

butadiene was achieved (Scheme 2.4). This reaction was not widely applicable however 

due to the harsh conditions needed to initiate the reaction (150 °C, 1200 psi).16  
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+ Ti
150 oC, 1200 psi  

Scheme 2.4: Ti-catalyzed [2+2] cycloaddition of unactivated substrates. 

Since Cannell’s work a lot of advances have been made in the field of [2+2] 

cycloadditions. Before examining the ruthenium catalyzed reaction, the other metals that 

have successfully been implemented will be looked at briefly. Nickel and cobalt catalysts 

have been shown to undergo [2+2] cycloaddition with norbornadiene; this was found as 

a side reaction of the homo Diels-Alder reaction, the focus of the research. Due to the 

aptitude for Ni and Co to coordinate to the NBD in a bidentate fashion the homo Diels-

Alder adduct was the major product.17  

Cheng and co-workers were able to overcome the tendency of nickel and cobalt to 

undergo the homo Diels-Alder reaction by blocking one double bond using oxa and 

azabenzonorbornene. They first found Ni(PPh3)2Cl2 with Zn powder to catalyze the 

cycloaddition with various of alkynes, though reaction with unactivated alkynes produced 

lower yields due to competing homocoupling of the alkene species and 

cyclotrimerization observed at lower temperatures.18 Shortly thereafter Cheng developed 

a similar Co(PPh3)2I2/Zn catalyst. The Co catalyst was also able to perform [2+2] 

cycloadditions and complemented the Ni catalyst in that it performed well with highly 

unactivated and/or sterically hindered alkynes.19 The limitation of these catalysts was 

that either an oxygen or nitrogen had to be present in the 7 position or the reaction 

would not proceed (Scheme 2.5). 

X R1

R2

+ Ni/Co
X R1

R2

X=O, NR3
 

Scheme 2.5: Ni and Co catalyzed [2+2] cycloadditions with oxabenzonorbornene. 
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Recently Shibata studied enantioselective [2+2] cycloadditions between norbornene 

or benzonorbornene and alkynyl esters. Selectivities of up to 99% ee were achieved by 

implementing chiral phosphine ligands in a cationic rhodium catalyst. Both alkyl and aryl 

groups in the position opposite the ester moiety on the alkyne resulted in good to 

excellent yields (Scheme 2.6).20 

CO2R1

R2

+
[Rh(COD)(H8-binap)]BF4

CO2R1

R2

 

Scheme 2.6: Rhodium catalyzed enantioselective [2+2] cycloaddition. 

Another recent development in TMC [2+2] cycloadditions is the use of rhenium 

catalysts. Takai found that ReBr(CO)3(THF)2 as well as ReBr(CO)5, when combined with 

a bulky isocyanide to reduce polymerization, produced cycloadducts between bicyclic 

alkenes and alkynes. One interesting feature of this reaction is that adducts of terminal 

alkynes were accessible with the Re catalysts, whereas with other metal catalysts, a 

competing cylotrimerization reduced the yield of the [2+2] cylcoadduct.21  

2.1.3. Ruthenium-Catalyzed [2+2] Cycloadditions 

While other transition metals have been used successfully in catalyzing [2+2] 

cycloadditions, the majority of work on in this field is with ruthenium catalysts. Mitsudo 

did the first of his pioneering work on Ru-catalyzed [2+2] cycloadditions in the 1970’s, a 

time when little was known about ruthenium catalysis beyond hydride transfer reactions. 

RuH2(PPh3)4 15 was first shown to catalyze the [2+2] cycloaddition between various 

bicyclic alkenes (including the first example of norbornene (NBN)) and dimethylacetylene 

dicarboxylate; the exo adduct was produced in all cases.22 Later in an attempt to 

increase the yield of the reaction, typically around 50%, other Ru catalysts were 

attempted (Table 2.1).23  
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Table 2.1:Various ruthenium catalysts for [2+2] cycloadditions.23 

CO2Me

CO2Me

+ Ru cat.
CO2Me

CO2Me
benzene

 

Entry Catalyst Temperature (°C) Time (h) GC Yield (%) 

1 RuH2(PPh3)4 80 24 65 

2 RuH2(CO)(PPh3)3 100 6 78 

3 RuH2[P(p-PhF)3]4 100 6 56 

4 RuH2(CO)[P(p-PhF)3]3 100 6 87 

5 Ru(CO)3(PPh3)3 100 6 10 

 

As Table 2.1 shows improvements in reaction time and yield were achieved with 

certain catalysts, note entry 4. As with the original catalyst 15, the new catalysts were 

able to catalyze the reaction with a number of norbornene derivatives, including benzo 

and oxa derivatives. Almost a decade later Mitsudo reported on a new species of Ru(0) 

catalyst. Ru(COD)(COT) (COD = 1,5-cyclooctadiene, COT = 1,3,5,7-cyclooctatatraene), 

with PBu3 as an additive, was shown to catalyze the [2+2] cycloaddition between 

norbornene and dimethylacetylene dicarboxylate; using the same conditions as previous 

catalysts, it provided greatly improved yields (99% isolated).24 The aforementioned 

catalysts all shared the same grave limitation, in that they only catalyzed the 

cycloaddition of alkynes with strongly electron withdrawing groups attached. 

Cl
Ru

 

Figure 2.3: Cp*RuCl(COD) 16. 

Mitsudo was able to move applicability of the [2+2] cycloadditions beyond ethynyl 

carboxylates in 1994 when he published work on a new catalyst system, Cp*RuCl(COD) 
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16 (Cp* = pentamethylcyclopentadienyl). This catalyst, seen in Figure 2.3, was able to 

catalyze the cycloaddition of 1 or 2 with alkynes bearing alkyl and aromatic substituents 

as well as the carboxylates that were previously accessible (Table 2.2).25  

Table 2.2: First demonstration of the versatility of Cp*RuCl(COD) in cycloadditions.25 

R1

R2

+ Cp*RuCl(COD)
R1

R2
1/2

benzene

 

Entry Alkene R1 R2 Time (h) Temperature (°C) Yield (%) 

1 NBN Ph Ph 15 80 88 

2 NBN Ph Me 15 80 87 

3 NBN Me CO2Me 15 80 79 

4 NBD Ph Ph 20 100 74 

5 NBD Me CO2Me 24 100 87 

 

All of the cycloadducts formed were exo adducts as with the previously investigated 

Ru catalysts. The exo conformation was determined using the NMR spectra of the 

products. The vicinal spin-spin coupling, 3J, between the proton on the bridge head (C1) 

and the newly formed cyclobutene (C2) varies depending on the product formed. This is 

due to the different geometry of the molecules causing a different dihedral angle 

between the protons in question. The variation in dihedral angle affects the size of 3J as 

depicted by the Karplus curve.26 The exo product has a dihedral angle of 70-75° 

between the protons on C1 and C2 producing a spin-spin coupling constant of 0-2 Hz. 

The endo product on the other hand has a dihedral angle of 35-40° which gives a 

distinctly different 3J, in the range of 6-9 Hz (Figure 2.4).27 As no coupling was observed 

in the spectra, it was determined that the exo product was formed exclusively.23 
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Figure 2.4: Endo and exo cycloadduct, protons in question shown. 

Mitsudo proposed a mechanism for the [2+2] cycloaddition catalyzed by 16,25 which 

was later refined by quantum chemical calculations.28,29 It was determined that the active 

catalytic species was the neutral Cp*RuCl, upon dissociation of COD, as opposed to the 

cationic [Cp*Ru]+. This was determined by running a cycloaddition after having 

precipitated out the chlorine atom with the addition of silver triflate. The cationic species 

formed in this control was much less active towards the cycloaddition than the untreated 

catalyst.25 The ruthenacyclopentane species has never been isolated. However, 

supporting evidence that it exists in the reaction can be found by comparing analogous 

iron and nickel intermediates which have been isolated in other studies.30  

The detailed reaction mechanism for the [2+2] cycloaddition of alkynes and 

norbornene derivatives by 16 was reported by Goddard and Tam (Scheme 2.7).28,29  

First, the COD ligand dissociates to open up coordination sites for the reagents. The 

ruthenium has a higher affinity for alkynes than alkenes therefore the ruthenium 

coordinates to the alkyne first. Due to the coordination preference of Ru, the alkene is 

employed in excess to encourage association to the metal center limiting the coordiation 

of a second alkyne. The ruthenium coordinates to the electron rich exo face of the 

alkene to form 17. Complex 17 takes on the preferred orientation shown, as determined 

by quantum chemical calculations. The ruthenium then undergoes oxidative cyclization 

of the unsaturated systems, forming the ruthenapentacycle 18. As the β-hydrogen of the 

bridgehead is inaccessible, the next step is the reductive elimination of the catalyst, 

returning the active catalytic species and producing the desired cyclobutene adduct 19.  
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Scheme 2.7: Mechanism of the [2+2] cycloaddition catalyzed by 16. 

The potential energy profile of the reaction was calculated by density functional 

methods. A representative example of the cycloaddition between 2 and 1-phenylpropyne 

can be seen in Figure 2.5. The energy profile shows that the oxidative cyclization is the 

rate determining step; as the first transition state has the highest energy.  
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Figure 2.5: Potential energy profile of the [2+2] cycloaddition of NBD and 1-phenylpropyne, 
energy difference in kcal/mol. Adapted from Ref 29. 

Jordan and Tam studied the reactivity of the alkene component by studying 

substitutions on the bicyclic framework. Substitution on C7 was employed to show how 

the electronic nature of the alkene affected the reactivity with model alkyne, ethyl 3-

phenylpropiolate 20. Increasing the electron withdrawing power of the substituent on C7 
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has been shown to decrease the electron density of the anti-π bond due to the 

hyperconjugation effects discussed in Section 1.3.31 Work on C7 substituted NBD 

demonstrated that the reaction was 100% regioselective to the anti bond (due to sterics). 

It was also found that the yield and relative rate decreased as the electron density of the 

anti bond decreased (Scheme 2.8).32 A similar trend was found for 7-NBN derivatives.33 

Therefore, it can be concluded that electron rich alkenes are more reactive in the Ru-

ctalyzed [2+2] cycloadditions. 
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Scheme 2.8: Reaction of various 7-NBDs with 20. 

Studies on 2,3-disubstituted NBD with 20, found the reaction to be 100% 

chemoselective in favour of the non-substituted double bond, with substitution having 

moderate effect on the yield and relative rate. 2-Substituted NBDs also demonstrated full 

chemoselectivity, along with minor regioselectivity, providing more adduct with the ester 

moiety adjacent to C6, syn to the substitution.34 2-Substituted norbornenes were 

employed to investigate remote substituent effects on the [2+2] cycloaddition. 

Substituents of varying electronic nature were substituted in the exo 21 and endo 22 

position, as well as exocyclic double bonds 23 (Scheme 2.9).35 
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Scheme 2.9: [2+2] cycloaddition between 2-NBNs and 20. 

Certain remote substituents led to moderate regioselectivity to the adducts formed. 

This is expected with the 2-NBD derivatives described in the previous study, as they 

exhibit homoconjugation, whereas 2-NBN derivatives do not. The effect on the 

norbornenes can be explained in a similar manner, in that the bent orientation of the 

bicyclic framework brings the orbitals of C2 and C4 close enough to interact. This 

reasoning explains why the exo substituents of 21 had more of an effect on the 

regioselectivity than the endo substituents of 22; the backside of the former’s orbital 

points towards the alkene while the latter points away (Figure 2.6). The exocyclic double 

bonds achieve the most overlap and therefore the greatest regioselectivity.35 Trends in 

the reactivities of oxabicyclic alkenes have also been studied by the Tam group.36 

YY

Y
2 6

exo endo exocyclic olefin
21 22 23  

Figure 2.6: Interactions of C2 substituent and π-bond orbitals. 

In regards to the reactivity of the alkyne component of the Ru-catalyzed [2+2] 

cycloaddition, a number of studies have been performed by the Tam group. Table 2.3 

shows the yields and relative rates of reaction (determined by competition study) 

between alkynes of varying steric and electronic properties and 2. In comparing entries 

1-9, it can be seen that alkynes with electron withdrawing substituents react faster and 
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produce higher yields. This is clear in the comparison of the methyl (entry 1) and bromo 

(entry 8) susbtituents. Though both groups have very similar van der Waal radii, the 

electron poor alkyne attached to the bromine reacts much faster. Entries 10-12 

demonstrate the steric effects of the alkynyl substituent on the reaction. Increasing the 

steric bulk of the alkyl moiety greatly reduced the rate of reaction; even halting the 

reaction of the t-Bu substituent.37 

Table 2.3: Reacitivity of various alkynes towards cycloaddition with alkene 2.37 

R1

R2

+
Cp*RuCl(COD) R1

R2

2
THF

 

Entry R1 R2 Time (h) Temp. (°C) Yield (%) Rel. Rate 

1 Ph Me 90 95 22 0.002 

2 Ph CH2OTBS 90 95 34 0.01 

3 Ph CH2OH 80 95 48 0.04 

4 Ph COOH 80 60 86 0.6 

5 Ph CO2Me 48 60 90 0.9 

6 Ph CO2Et 48 60 90 1 

7 Ph SO2Ph 80 95 91 1 

8 Ph Br 48 60 83 2 

9 Ph Cl 48 60 82 9 

10 CO2Et n-Bu 70 60 89 0.2 

11 CO2Et Cy 90 95 88 0.03 

12 CO2Et t-Bu 144 95 0 - 

13 CO2Et CH2OH 48 65 88 13 

14 CO2Et CHMeOH 72 25 90 6 

15 CO2Et CMe2OH 48 65 85 0.2 

 

Looking more closely at entries 2 and 3 of Table 2.3 it can be seen that the alcohol 

group caused higher reaction rates than its TBS protected analogue. The effect of the 

propargylic alcohol on the reaction rate can be seen in comparing entries 10, 11 and 12 
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to 13, 14 and 15 respectively. Despite the similar steric environments between each pair, 

the alcohols have greatly increased rates, going so far as to allow reaction of the 

quaternary group in entry 15 where the t-Bu group showed no reaction. This is attributed 

to an intramolecular hydrogen-bond between the chlorine of 16 and the hydroxyl group, 

which has been confirmed by quantum chemical calculations. The H-bond stabilizes the 

rate determining first transition state and allows for the reaction to proceed at greater 

rates.29 

Further investigations into heteroatom substituted alkynes were later investigated by 

the Tam group. The heteroatom groups placed in the alkynyl position were halides, 

ynamides , sulfides  and sulfones (Scheme 2.10). Alkynyl halides 24 (X = Cl, Br, I) were 

found to the most reactive across the various functionalities, resulting in high product 

yields with low reaction temperatures. The only trouble encountered was the side 

reaction of alkynyl iodides due to competing oxidative insertion into the C-I bond by the 

catalyst.38 Ynamides 25 (R = N(CO2Me)R’) were found to be less reactive than alkynyl 

halides, requiring longer reaction times and higher temperatures for the cycloaddition to 

proceed. Also, ynamides were only reactive with norbornene, with no adduct observed 

with norbornadiene.39 Alkynyl sulfides 26 (X = SAr, SR’) and sulfones 27 (X = SO2Ar, 

SO2R’) alike are the least reactive of the groups studied to date; the reactions required 

temperatures of 90 °C to proceed. Of the two sulfur moieties the sulfones were found to 

be more reactive than the sulfides, with reactions complete after 72 h for the former 

compared to 168 h for the latter (to achieve comparable yields).40 
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+
Cp*RuCl(COD)

24-27
R

X X

RTHF

24  X = Cl, Br, I
25  X = N(CO2Me)R'
26  X = SAr, SR'
27  X = SO2Ar, SO2R'

25 oC, 72 h
60 oC, 72 h
90 oC, 168 h
90 oC, 72 h

Yields

32-90%
25-97%
23-80%
55-84%  

Scheme 2.10: Ru-catalyzed  [2+2] cycloadditions with hetero-atom substituted alkynes. 

Studies into asymmetric Ru-catalyzed [2+2] cycloadditions of alkynes and bicyclic 

alkenes, performed by Villeneuve and Tam, took two different routes. Up to this point 

cycloadducts of symmetrical alkenes were a mixture of two enatiomers. One study 

looked at using chiral propargylic alcohols 28 and their derivatives to produce one of two 

possible diastereomers in excess. Many of the alkynes produced good yields and 

selectivities (Scheme 2.11 A).41 Chiral cyclic ynamides were employed but the yields 

were low and only moderately selective.39 The other possible route is to use a chiral 

auxiliary that is selective for one diasteriomer and then cleave off the auxiliary to 

produce one enantiomer in excess. The chiral auxiliary that performed the best in the 

study was the chiral acyl sultam 29; providing both yields and ee’s up to 98%. The 

auxiliary, after undergoing the cycloaddition, is cleaved off in reducing conditions to 

produce the corresponding alcohol (Scheme 2.11 B).42 Further work on the application of 

chiral acyl sultams is currently being performed by the Tam group. 
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+
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2:
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B)
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1,2

CO2Et

HO

+ Cp*RuCl(COD)
THF

OH

Ph

Ph

HO

+
1:
2:

84%
90%

84:16
82:18

Yield d.r.

28

29

 

Scheme 2.11: Ru-catalyed [2+2] cycloaddition with chiral alkynes. 

In summary, the Tam group has investigated many avenues of the Ru-catalyzed 

[2+2] cycloaddition between bicyclic alkenes and alkynes. The different effects of alkene 

derivatives have been investigated, as has alkyne functionality. Various heteroatoms (N, 

S, Cl, Br, I) have been successfully employed in the reaction. The heteroatom groups 

chosen were electron withdrawing, which has been shown to increase the rate of the 

reaction. The alkynyl phosphonates reported in this work, being strongly electron 

withdrawing themselves, are excellent candidates to expand the scope of the Ru-

catalyzed [2+2] cycloaddition to include phosphorus functionality. 

2.2. Results and Discussion 

2.2.1. Synthesis of Alkynyl Phosphonates 

In order to determine the compatibility of the Ru-catalyzed [2+2] cycloaddition with a 

series of substrates, the alkynes had to first be synthesized. Of the synthetic methods for 

synthesizing alkynyl phosphonates (Section 1.4.2) the method developed by Oh and 

coworkers is the simplest.43 In this method, n-BuLi is employed to deprotonate a terminal 



- 49 - 
 

alkyne 30, a variety of alkynes are commercially available. The carbanion is then 

introduced to a chlorophosphate 31 to perform an SN2 substitution and produce the 

desired phosphonate 32. Initial attempts to perform this reaction produced a large 

amount of the side product 33 as an impurity. This side product was formed when 

excess n-BuLi, being highly nucleophilic, performed SN2 substitition of 32. Both 32 and 

33 had very similar Rf values, with their polarity being dominated by the highly polar 

phosphonate moiety, making separation by flash chromatography difficult. To avoid 

formation of this side product, a non-nucleophilic base was used to perform the 

deprotonation step and avoid the side reaction. The base selected was LDA formed from 

the deprotonation of excess diisopropylamine by n-BuLi (Scheme 2.12) 

HR 1. LDA, -30 oC to 25 oC PR
O

OR1

OR1
2.30 32

R= Cy, Bu, CH2OH, CH2OTBS, Ph, Tol, 
     MeO-(C6H4)-, F-(C6H4-), NH2-(C6H4)-, 
     thiophene

R1= Me, Et, Ph

3. NH4Cl (saturated)

(27-92%)

P
O

OR1

OR133

Cl
P

OR1

O
OR1

31

 

Scheme 2.12: Synthesis of alkynyl phosphonates by nucleophilic substitution. 

The earlier reactions using the above methodology produced only moderate yields of 

the desired alkynes. Longer reaction times for each step were employed, with the 

substitution monitored for completion by thin layer chromatography (TLC), to ensure the 

greatest possible yields. Phosphonates with methyl, ethyl and phenyl ester groups were 

successfully synthesized. Reaction with 34 was attempted but the desired alkynyl 

phosphonate could not be isolated. The product formed, 35, was a result of multiple 

substitutions on the phosphorus which could not be controlled by reducing the 

equivalents of 30 or lowering the reaction temperature (Scheme 2.13). 
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HR
1. LDA, -30 oC to 25 oC PR

O

O2.30
35

3. NH4Cl (saturated)

34P
O

Cl
O
O

OH

R

 

Scheme 2.13: Attempted reaction of alkynyl lithium species with 34. 

 

2.2.2. Ru-Catalysed [2+2] Cycloaddition of Alkynyl Phosphonates 

The first aspect of the Ru-catalyzed [2+2] cycloaddition that had to be investigated 

was optimization of the reaction conditions, in order to accommodate the phosphonate 

functionality. Section 2.1.3 has shown that different functional groups can require 

different conditions, i.e. time, temperature and solvent. The reaction conditions were 

optimized using alkynyl phosphonate 32a and norbornadiene 2 as the model system 

(Table 2.4). It was found that the alkynyl phosphonate 32a was compatible with the 

ruthenium-catalyzed [2+2] cycloaddition; the expected cyclobutene adduct 36a was 

produced. While the reaction did proceed, higher temperatures and longer reaction times 

relative to the other alkyne substrates previously studied in this mode of reaction, were 

required.38,39,40 No reaction was observed when carried out in THF at 60 °C (previous 

Tam group work showed most alkynes underwent at this temperature) and the reaction 

did not go to completion at 80 °C for 144 h (entries 1-2).  When the reaction was carried 

out in THF at 100 °C for 240 h, 36a was obtained with a 66% yield (entry 3).   
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Table 2.4: Optimization of the Ru-catalyzed [2+2] cycoladdition of 2 with 1-phenylethynyl 
phosphonate 32a. 

+

Ph

P
P

Ph

Cp*RuCl(COD) (5%)

32a
36a2

O OEt
OEt

O
OEt

OEt

 

Entry Solvent Time (h) Temp. (°C) Yield (%)a 

1 THF 24 60 0b 

2 THF 144 80 27c 

3 THF 240 100 66 

4 Et3N 240 100 0b 

5 dioxane 240 100 60 

6 neat 240 100 71 
aThe yield of the isolated cycloadducts after column chromatography. bOnly the starting alkyne was 
recovered. cThe reaction did not go to completion and some starting alkyne was recovered. 

 

Other non-polar solvents were compared to THF, which is the solvent of choice for 

such reactions. Unlike our previous studies with other alkynes (in which Et3N was shown 

to be a good solvent) no reaction was observed when Et3N was used as solvent (entry 

4).  The best yield was observed when the reaction was carried out using 5-10 mol% of 

catalyst 16, at 100 °C over 240 h in excess norbornadiene as the solvent. The exo [2+2] 

cycloadduct 36a was formed as the only stereoisomer. 

After determining the optimal conditions, the effect of varying the alkynyl phosphonate 

on the cycloaddition was studied; the results are seen in Table 2.6. First, phosphonates 

with different ester groups, OR1 (32a-c, entries 1-3), were investigated. A phenyl group 

in the alkynyl position opposite the phosphonate was used as a control across the three 

phosphonate groups.  Dimethyl phosphonate (R1 = Me, entry 2) gave the lowest yield 

                                                
 Reactions were performed by Elham Karimi. 
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(44%) in the cycloaddition; diphenyl phosphonate (R1 = Ph, entry 3) was found to give 

the highest yield (97%) among the three phenylethynyl phosphonates (32a-c) tested.  

The higher cost of the diphenyl chlorophosphate resulted in the use of diethyl 

phosphonate to synthesize the rest of the alkynyl phosphonates studied.  Entries 4-13 

depict variation of the alkynyl group R.  

Table 2.5: Ru-catalyzed [2+2] cycloaddition between 2 and various alkynes. 

+
Cp*RuCl(COD) (5%)

100 oC, 240 h, neat

32a-m
36a-m2 R

P P

R

O OR1OR1
O

OR1

OR1

 

Entry alkyne R R1 Yield (%)a 

1 32a Ph Et 71 

2 32b Ph Me 44 

3 32c Ph Ph 97 

4 32d n-Bu Et 68 

5 32e Cy Et 0b 

6 32f CH2OH Et 69 

7 32g CH2OTBS Et 67 

8 32h o-Tol Et 8c 

9 32i p-Tol Et 83 

10 32j p-MeO-C6H4 Et 80 

11 32k m-NH2-C6H4 Et 78 

12 32l m-F-C6H4 Et 89 

13 32m 3-thiophene Et 65 
aThe yield of the isolated cycloadducts after column chromatography. bOnly the starting alkyne 
was recovered. cThe reaction did not go to completion and some starting alkyne was recovered. 

                                                
 Reactions were performed by Elham Karimi. 



- 53 - 
 

 

In general the reaction was found to proceed slower with aliphatic groups compared 

to aromatic groups, with little exception. As with previous studies, the primary alkyl group 

(R = n-Bu, entry 4) produced a higher yield than the sterically hindered secondary alkyl 

group (R = Cy, entry 5), which produced no cycloadduct. Previous studies demonstrated 

that propargylic alcohols stabilize coordination to the catalyst through hydrogen bonding 

to the chlorine atom of 16.Error! Bookmark not defined. Interestingly, such increased 

reactivity was not observed in the reaction of 32f (entry 6) as compared to its TBS 

protected analogue 32g (entry 7).  Both substrates demonstrated similar reactivity to an 

un-substituted alkyl chain (entry 4), and differed by only two percent in yield between the 

bare and protected alcohol group. 

Examining the reactions with aromatic substrates (32h-m, entries 8-13) illustrates 

similar trends as observed in previous studies. Again, steric hindrance reduced reactivity 

of the alkyne which is illustrated by entries 8 and 9. With the methyl group far from the 

reaction site, in the para position (entry 9), an 83% yield was achieved; whereas the 

methyl group ortho to the reaction site (entry 8) reduced the yield to a mere 8%. Electron 

donating groups on the benzene ring (R = p-MeO-C6H4, m-NH2-C6H4, entries 10 and 11) 

in comparison to an electron withdrawing group (R = m-F-C6H4, entry 12) performed less 

well in the reaction. Though all three moieties produced the desired cycloadducts in 

good yield, less electron density on the ring was shown to encourage reaction. This was 

especially evident when considering the electron rich 3-thiophene moiety 32m (entry 13) 

which had a reduced yield of only 65%. 

The same model alkyne from the optimization reactions, 32a, was chosen to undergo 

further reaction with various bicyclic alkenes. This was done to test the general 

applicability of the Ru-catalyzed [2+2] cycloaddition of alkynyl phosphonates. The 
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alkenes studied in this section were synthesized in the Tam lab in moderate quantities. 

Some of the alkenes were solids, therefore the neat reaction conditions which produced 

the highest yields were not an option. Though THF, when used as the solvent, produced 

higher yields (Table 2.4, entry 3) than the other ether used (dioxane, entry 5), solvent 

loss of THF was experienced due to the elevated reaction temperatures. To this end, 

dioxane was employed for this series of reactions; the results are shown in Table 2.6. 

The alkenes that underwent Ru-catalyzed [2+2] cycloaddition (37b-g, entries 1-7) did so 

in a stereoselective manner, producing only the exo-cycloadducts 38b-g. In addition, 

when one of the homo-conjugated olefins was substituted with methylesters (37c and d, 

entries 3 and 4) the reaction was chemoselective, with cycloaddition occurring only on 

the less substituted double bond. 

Considering the reactivity of different alkenes in the Ru-catalyzed [2+2] cycloaddition 

with alkynyl phosphonates, similar trends to previous reports are observed. The loss of 

homoconjugation in going from NBD 2 (entry 1) and NBN 1 (entry 2) did not greatly 

affect the yield of the reaction, though a small improvement was observed as with 

alkynyl sulfones.40 The addition of two methylester groups on 2 (entry 3) increased the 

yield of the reaction, while replacing C7 with an oxygen atom in that same molecule 

(entry 4) greatly reduced the yield. The large decrease in yields is attributed to the 

decomposition of the alkene reaction partner which was not stable at the elevated 

temperatures required to promote reaction.  
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Table 2.6: Ru-catalyzed [2+2] cycloaddition between 32a and various bicyclic alkenes. 

X
R2

R2
+

Ph

X
R2

R2 Ph

Cp*RuCl(COD) (5%)
dioxane

100 oC, 240 h
1-3, 37b-g 36a, 38a-g32a

P
O OEt

OEt

P
O

OEt
OEt

 

Entry Alkene Adduct Yield (%)a 

1 
2  Ph

P
O

OEt
OEt

36a  

60 

2 
1  Ph

P
O

OEt
OEt

38a  

73 

3 
MeOOC

MeOOC
37b  Ph

P
O

OEt
OEtMeOOC

MeOOC
38b  

88 

4 
O

MeOOC

MeOOC
37c  

O

Ph

P
O

OEt
OEtMeOOC

MeOOC
38c  

36b 

5 
37d  Ph

P
O

OEt
OEt

38d  

46 

6 
O

3  

O

Ph

P
O

OEt
OEt

38e  

96 

7 
O

37f  

O

Ph

P
O

OEt
OEt

38f  

39b 

8 

t-BuO

37g  

- 0b,c 

aThe yield of the isolated cycloadducts after column chromatography. bDecomposition of the 
alkene was evident by TLC of the crude mixture. cOnly the starting alkyne was recovered. 

As previously observed36 addition of a benzene ring to the bicyclic structure (37d, 

entry 5) reduced the reactivity substantially. In contrast to 37c, the substitution of oxygen 
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into the bridge (37e) greatly improved the yield of the reaction (entry 6). Computational 

investigations into the enhanced reactivity of oxabenzonorbornene 37e in various 

reactions (see Section 1. 3) are currently underway in the Tam lab.44 Extending the 

aromatic system (entry 7) reduced the yield of reaction as did adding a t-BuO group on 

the bridge (entry 8). The reduced yield can be, at least partially, attributed to 

decomposition of the alkene component as was observed with 37c.  7-t-BuO-

Norbornadiene 37g was also found to be inert in the Ru-catalyzed [2+2] cycloadditions 

with alkynyl sulfides.40 Cycloaddition was attempted with various aza benzonorbornes; 

the alkenes used had Ts, BOC and C(O)t-Bu groups on the nitrogen bridge. None of 

these alkenes produced the desired cycloadduct. 

2.2.3. Computational Insight 

It can be seen in the above results that alkynyl phosphonates have low reactivity 

towards Ru-catalyzed [2+2] cycloaddition with alkenes. The high temperatures and long 

reaction times needed to observe reactivity of the alkynes, seems contrary to the 

previous results, that is that electron withdrawing groups increase the reactivity of 

alkynes towards this mode of reaction. In an attempt to explain this result, preliminary 

computational studies were attempted. Upon inspection of the study by Liu et al.29 it can 

be seen that a comparison of polarizability of the triple bond can be used to compare 

reactivities of two alkynes. To this end, previous rate studies36 were compared to the 

electronic properties of the starting alkynes to determine if there was a trend. A more 

accurate depiction of the reactivities could be determined by looking at the rate 

determining first transition state. However due to time constraints, the approximation 

was employed, with the rate determining first transition state (see Figure 2.5) being close 

to the starting materials in the reaction sequence. Calculations were performed using 

density functional methods; employing the B3LYP functional, 6-31G (d) basis set and 
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Natural Population Analysis (NPA). This method has used in the previously mentioned 

work by Goddard. Calculations were performed using Gaussian 03 software (Appendix 

2).45 

Table 2.7: Charge analysis of various alkynes compared to relative rates of reaction. 

Ca Cb RPh  

Entry R Relative 
Ratea 

NPA Charge Mulliken Charge 

Ca Cb Ca-Cb Ca Cb Ca-Cb 

1 Me 0.0016 -0.044 0.001 0.045 0.137 -0.120 0.257 

2 CH2OTBS 0.01 -0.021 -0.016 0.005 0.080 -0.061 0.141 

3 CH2OH 0.04 -0.010 -0.028 0.018 0.118 -0.076 0.194 

4 COOH 0.56 0.070 -0.121 0.191 0.114 -0.010 0.124 

5 COMe 0.89 0.064 -0.111 0.175 0.038 0.050 0.012 

6 COOEt 1 0.063 -0.110 0.173 0.024 0.056 0.032 

7 SO2Ph 1.2 0.105 -0.318 0.423 0.274 -0.439 0.713 

8 Br 2 -0.033 -0.142 0.109 0.357 -0.324 0.681 

9 Cl 9 -0.034 -0.062 0.028 0.029 -0.422 0.451 

10 PO(OEt)2 n/ab 0.078 -0.469 0.547 0.412 -0.512 0.924 

11 PO(OMe)2 n/ab 0.098 -0.407 0.505 0.421 -0.523 0.944 

12 PO(OPh)2 n/ab 0.095 -0.412 0.507 0.435 -0.517 0.952 
aRates taken from Ref 37, bThe relative rate were not determined 

 
Table 2.7 shows the NPA and Mulliken charges of the alkyne carbons as well as the 

bond polarization (the absolute difference in charge between the carbons). No direct 

relation could be determined when the data was plotted. Some interesting observations 

can be made however. In both NPA and Mulliken charge, Cb, next to the varying 

functional group, has a greater negative charge for the phosphonate (entry 10) than any 

other groups; this leads to a greater polarization of the alkyne bond. It is possible that 

the high degree of polarization requires harsher conditions to allow for reaction. Alkynyl 

sulfone (entry 7) for example, while having a relatively high reactivity, requires higher 

temperatures and reaction times than the ester groups (entries 5 and 6). The sulfone 

has a large negative Cb charge approaching that of the phosphonate. Similarly, alkynyl 
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sulfides, which also have very low reactivity, have a Muliken charge on Cb of -0.500 and 

Ca-Cbof 0.833 (not shown in Table 2.7). These calculations are not conclusive and 

further studies are required on the transition states to draw clearer relations. However, 

they do successfully show that the electronic nature of the alkynyl phosphonates is 

substantially different than the alkynes that react faster and at lower temperatures. 

2.3. Conclusions 

In summary, the first examples of ruthenium-catalyzed [2+2] cycloadditions between 

bicyclic alkenes and alkynyl phosphonates have been demonstrated. It was found that 

the alkynyl phosphonate moiety baring diethyl, dimethyl and diphenyl groups was 

compatible with Ru-catalyzed [2+2] cycloadditions, providing yields up to 97%. The 

harsher reaction conditions required indicate that the phosphonates have lower reactivity 

than other heteroatom functionalities previously reported. The scope of the alkyne 

groups was investigated, and the lower reactivity of the alkynes seems to exacerbate the 

already lowered reactivity of sterically hindered alkynes, greatly reducing the yield. 

Finally, it was found that Ru-catalyzed [2+2] cycloaddition of alkynyl phosphonates with 

various bicyclic alkenes proceeds in a chemo- and stereoselective manner, producing 

the desired cyclobutene adducts in moderate to good yields, provided that the alkene 

was stable at the elevated reaction temperature. Preliminary computational work has 

found that the electronic nature of the starting alkynyl phosphonate is drastically different 

than alkynes that are more reactive. Further calculations are necessary to determine if 

the two are truly correlated.  

The applicability of the Ru-catalyzed [2+2] cycloaddition is hampered by the high 

temperature and long reaction times needed to complete the reaction. To this end, work 

was performed in an attempt to find better reaction conditions to perform the 
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cycloaddition. This led to the investigation of microwave assisted heating which is 

discussed in the next chapter. 
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Chapter 3.  Microwave Assisted Ruthenium-Catalyzed [2+2] 

Cycloadditions  
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3.1. Introduction 

Chapter 2 demonstrates that the ruthenium-catalyzed [2+2] cycloaddition between 

alkynyl phosphonates and bicyclic alkenes is a viable method of producing cyclobutenes 

bearing phosphonate functionality. The drawback of the reaction presented in the above 

chapter is that the reaction takes a substantial amount of time to reach completion. 

During the last two decades there has been a major shift in the way that thermal 

reactions are performed. Microwave (MW) heating has become a mainstream method in 

chemical synthesis. Reactions are regularly reported as occurring faster, cleaner and 

producing higher yields than their thermal counterparts. The chemistry department at the 

University of Guelph has recently acquired a microwave reactor. Microwave heating was 

therefore investigated in attempt to expedite the Ru-catalyzed [2+2] cycloaddition with 

alkynyl phosphonates. 

3.1.1. Microwave Heating in Chemical Synthesis 

To understand the relatively new field of microwave assisted organic synthesis 

(MAOS), the history of microwaves in heating should be reviewed. Microwaves are a 

part of the electromagnetic spectrum, between 0.3 to 300 GHz (λ = 1 cm to 1 m), 

bordered by infrared and radio waves. The energy provided by microwaves lies in the 

realm of molecular rotation, being too low in energy to induce vibration or electronic 

excitation. Microwaves are typically formed by a magnetron; a device where a magnetic 

field induces circulation of electrons traveling from a cathode rod to the surrounding 

anode through a vacuum. There are cavities in the surface of the anode and as the 

electrons circle past the openings microwaves are formed. The waves are channelled 

out of the magnetron and towards the target of interest.  All microwaves used for 

heating, be it chemical or domestic, operate at 2.45 GHz (12.2 cm); the rest of the 

microwave spectrum is reserved for communication devices such as cellular phones.1 
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Microwaves were first discovered to be an efficient heating method in 1946 when Dr. 

Percy Spencer found that a chocolate bar in his pocket was melting while working on 

microwave RADAR equipment. This inspired further experiments which led to the first 

microwave oven being available the following year. Albeit, at over 1/3 of a ton and 

requiring plumbing for water cooling, further refinement was needed before adoption 

throughout the kitchens of the world.1 In 1986 the first chemists took advantage of 

microwaves for heating chemical reactions, in the same way they had been heating food 

for decades.1  

In 1986 Gedye, who worked at Laurentian University, published that reaction rates 

increased significantly when heated by a domestic Toshiba microwave (on power 7). 

The reaction presented included acid hydrolysis of an amide, KMnO4 oxidation, 

esterification and SN2 substitution.2 Months later Giguere and Majetich presented 

concurrent work that they had been performing; using microwave ovens to perform 

pericyclic reactions.3 Since that time microwave heating has grown, with the first 

commercial microwave reactors becoming available in 2000. These reactors are much 

improved over domestic microwave ovens, including integrated temperature and 

pressure sensors along with feedback systems to maintain particular run parameters. 

Modern microwave reactors fall into one of two categories, either single or multi-

mode. Multi-mode reactors are similar to domestic models. The magnetron introduces 

the microwaves into a large cavity where the waves are bounced around to generate a 

highly dispersed array of waves. While there is a lot of chaos in the pattern of the waves 

there are still hot spots and nodes created in the cavity; the benefit of this method is the 

ability to heat large samples or multiple samples simultaneously (Figure 3.1 A). Single-

mode reactors create a standing wave pattern from the microwaves. The reaction vessel 

is placed in an anti-node in the wave to allow for uniform delivery of radiation across the 
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entire contents of the vial (Figure 3.1 B). The homogeneous heating of the reaction 

creates high levels of repeatability. The limitation of this method is that only one reaction 

can be done at a time, though continuous flow techniques are being developed to avoid 

this limitation. Reaction vessels are made of materials that are transparent to microwave 

radiation such as Teflon or borosilicate glass to ensure only the contents absorb the 

microwaves.4 

 

Figure 3.1: Simple depictions of A) multi and B) single-mode microwave reactors (M denotes the 
magnetron). Adapted from Ref 4 and 5 respectively. 

Microwaves heat materials based on the interaction of the molecules with the 

oscillating electric component of the radiation. The field causes either dipolar polarization 

or ionic conduction; the former is the interaction of molecules with a permanent dipole 

the latter obviously involves ions. In either case, the species affected by the microwaves 

constantly attempts to realign itself with the electric field. As it does, energy is lost either 

by means of molecular friction or dielectric loss, which results in heating of the 

compound. The ability of the sample to convert microwave energy to heat is largely 

dependent on the loss tangent, or tangent delta. This term, tan  = ’’/’, is the ratio of 

the dielectric loss (’’), depicting the conversion of radiation into heat as previously 

mentioned, and the dielectric constant (’), which indicates the ability of the species to be 

polarized by the electric field. Solvents are categorized based on this term as high 

(DMSO, EtOH), medium (H2O, DMF, NMP) or low (THF, dioxane, CH2Cl2) absorbers. 

The use of microwaves allows for rapid heating and cooling of samples compared to 

A) B) 

M 

M 

mode stirrer 
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conventional methods, creating temperature profiles with near right angles (Figure 

3.2).6,7,8 

 

Figure 3.2: Temperature profiles of ethanol heated by microwaves and conventional oil bath for 
three minutes. Adapted from Ref 8. 

Microwave heating has led to cleaner, faster, and often higher yielding reactions. The 

reasons for these observed benefits (over conventional heating) are sometimes 

attributed to so called non-thermal “microwave effects”. These microwave effects 

include: a) molecular rotation changing the orientation of reaction partners as they meet 

b) changing the polarity of a transition state in such a way to lower the pre-exponential 

factor of the Arrhenius equation. While there is still some debate on the legitimacy of 

these effects,9 the common consensus among the chemistry community is that 

improvements from microwave heating can nevertheless be attributed to classical 

thermodynamic/kinetic effects. Especially when one considers that microwaves deliver 

0.037 kcal/mol of energy at 2.45 GHz, which is far less than the average chemical bond 

of around 80 kcal/mol.6 With less energy delivered than even Brownian motion, the 

microwaves are only imparting thermal rotational energy to the sample.7  

The temperature of the reaction is affected in a number of ways in MAOS. The 

heating in a microwave reactor directly couples the energy with the reaction medium, be 
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it reagents or solvent, without heating the reaction vessel first. This leads to a much 

more uniform temperature within the reaction (Figure 3.3). The temperature rises much 

faster as well and drops as soon as the radiation is not applied (see the microwave line 

at the 180 s mark in Figure 3.2). The reaction can also be cooled by compressed air 

after the heating cycle to accelerate cooling. The ability to effectively turn the heat on 

and off at specific intervals provides more repeatable reaction conditions and often 

cleaner products with less unwanted side reactions.8  

 

Figure 3.3: Temperature models of microwave and oil bath heating after one minute. Adapted 
from Ref 10. 

Microwave reactions are also able to reach temperatures above the typical boiling 

point of a solvent, especially in sealed vessels. This is because the reaction wall 

temperature is not elevated and thus the ability of seeding to initiate boiling is limited, 

even at atmospheric pressure.11 Sealed reaction vessels exaggerate this effect as is 

seen in Figure 3.2, showing ethanol reaching temperatures well above its boiling point of 

78 °C. Coupled with the ability of the microwaves to achieve super heating is the fact 

that the energy is delivered very quickly, in a nanosecond time scale, totalling 72 kcal/s 
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at 300 W. The energy is transmitted to the system faster than it can dissipate into the 

surroundings; creating small short lived pockets of superheating with temperatures 

greatly in excess of the bulk. Applying this to the Arrhenius equation (݇ =  (ாೌ/ோ்ି݁ܣ

shows that, for an example reaction requiring 50 kcal/mol and a bulk temperature of 150 

°C, increasing the instantaneous temperature above the bulk by 56 °C (possible by 

microwave) increases the reaction rate by 1000 fold (Figure 3.4).  The solution can also 

be cooled continuously by compressed air to maintain a low bulk temperature while 

inputing a high level of microwave energy.6 These temperature effects serve to greatly 

increase the speed of reaction possible with microwave heating.  

For reaction with Tbulk= 150 °C and Ea=50 kcal/mol 
݇ =  ாೌ/ோ்ି݁ܣ

Tinstantanious Rate increase 
167 °C 10x 
185 °C 100x 
206 °C 1000x 

Figure 3.4: Example of rate increases possible with Tinst>Tbulk. Adapted from Ref 6. 

The large increase in reaction temperature achieved in microwave heating can also 

contribute to selectivity of the product formed. If there is a difference in the activation 

energy (Ea) of two possible products the thermodynamic product will be made in a more 

selective manner than with conventional heating. This results from the fact that 

microwaves provide far more energy than the activation energy of the kinetic and 

thermodynamic products, and therefore the more stable thermodynamic product is 

formed exclusively.6 Microwaves can also be used to heat highly absorbing 

heterogeneous catalysts or reagents selectively in the presence of a less polar solvent, 

which cannot be achieved by other methods.12 Amidst all the advantages presented in 

using microwave heating in chemical syntheses (improved yields achieved in less time 

with fewer side reactions) there is the added benefit of energy conservation. Magnetrons 
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are efficient at converting electricity into radiation, and it has been shown that MAOS 

provides substantial energy savings (up to 85 times) compared to traditional oil bath 

heating.13 

3.1.2. Microwave Heating in Homogeneous Transition Metal Catalysis 

Homogeneous transition metal catalysis is an invaluable tool in organic synthesis. 

One limitation of these reactions, is that they can take hours to reach completion, and 

can require multiple rounds of catalyst due to deactivation by heat or by exposure to the 

atmosphere. Microwave heating has been successfully applied in a growing number of 

TMC reactions achieving similar, if not better, yields in less time. Beyond the 

thermal/kinetic reasons for improvement when compared to classical heating (discussed 

in the above section) the uniform heating of the sample has been shown to  eliminate 

wall effects caused by oil bath heating (see Figure 3.3) extending the lifetime of catalysts 

in the reaction medium.14 

MAOS methods have been applied to various Pd-catalyzed coupling reactions with 

great success, including Heck, Sonugashira, Suzuki and Stille coupling reactions. The 

work reported demonstrates that microwave heating can drastically reduce reaction 

times with little to no cost to the yield.14 Ru-catalyzed ring closing metathesis (see 

Section 1.2) is a very important tool for the formation of cyclic systems. It often requires 

hours to complete these reactions thermally; with microwaves mere minutes are needed. 

A particularly interesting example is the domino RCM of 39 by Grubb’s second 

generation catalyst. Thermally the reaction required 9 hours at 180 °C with multiple 

additions of fresh catalyst to produce 92% yield. Microwave heating achieving a 

temperature of 160 °C over 10 minutes afforded full conversion to the desired product 40 

(Scheme 3.1).15  
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MeO OMe
Grubbs' 2nd gen. cat

toluene
MW, 160 oC, 10 min

NMeO N

OMe MeO

OMe
100 %

39 40  

Scheme 3.1: Efficient domino RCM by microwave heating. 

TMC cycloadditions have also been shown to proceed well under microwave heating. 

It has been reported that the Pauson-Khand [2+2+1] cycloaddition between alkenes and 

alkynes is possible with 20 mol% of Co2(CO)8. The reaction was performed in a sealed 

reaction vessel for 5 minutes at 100 °C without the need for any carbon monoxide to be 

added beyond that present in the catalyst (Scheme 3.2).16 

R1R2+

Co2(CO)8

toluene, CyNH2

MW, 100 oC, 5 min

O

R1

R146-81%  

Scheme 3.2: Microwave assisted Pausson-Khand [2+2+1] cycloaddition. 

Another recent example of ruthenium catalysis in MAOS is the 1,3-dipolar 

cycloaddition between azides and alkynes.17 Good to excellent yields were achieved 

with a variety of aryl azides when reacted for 20 minutes under microwave irradiation 

(Scheme 3.3 A). A similar reaction was employed to form 1-5-disubstituted-1,2,3-

triazolo-nucleosides 41 (Scheme 3.3 B).18 

N3 R+
[Cp*RuCl]4

MW, 110 oC, 20 min
DMF

N
NN

R
55-92%

O

OH OH

N
HO

N
N

R

A)

B) 41

R= alkyl, aryl

 
Scheme 3.3: A) 1,3-dipolar cycloaddition of azides and alkynes; B) 1-5-disubstituted-1,2,3-

triazolo-nucleoside 41 (Ru catalyzed adduct outlined). 
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3.2. Results and Discussion 

In order to study the microwave assisted (MA) Ru-catalyzed [2+2] cycloaddition 

between bicyclic alkenes and alkynes, the optimal reaction conditions had to be 

determined. Norbornadiene (2) and alkyne 32a were chosen as the model reaction to 

compare with thermal results; the results can be seen in Table 3.1. These experiments 

were performed with set temperatures (with wattage varying to maintain the set point), 

with the exception of entries 7-9 that had set power levels that were maintained. Initially 

low microwave absorbing THF and dioxane (entries 1-4) were selected as solvents, 

producing no cycloadduct. In an attempt to improve microwave absorption while 

maintaining low solvent polarity, previously shown to be required in Ru-catalyzed [2+2] 

reactions,19 charcoal was added to the reaction (entry 4) to no avail. The reaction was 

performed with an excess of 2 as the solvent (entries 5-9) trying to mirror the success of 

the corresponding oil bath heated reaction (See Chapter 2). Lower temperature and 

power settings produced no adduct, though some product was observed via 31P NMR 

spectroscopy when 200 W was applied for 2 hours while simultaneously cooling the 

reaction by compressed air (PowerMAXTM, PM) to reduce the heating of the bulk of the 

solution (entry 9). However, the elevated temperature needed for this reaction caused a 

large portion of the norbornene to polymerize. The reduced yield (approximately 30% 

compared to 71% thermally) and complication of polymerization prompted the use of 

more polar solvents with a greater tan  value to improve absorption of the microwaves. 

Medium absorbers DMF and NMP (entries 10 and 11 respectively) were used with little 

success, though they did produce the homo Diels-Alder adduct (discussed in Chapter 4). 

DMSO, a highly absorbing solvent (entry 12), produced no adduct, though no starting 

alkyne was detected by TLC at the end of the reaction (compared to the previous runs 

that returned a large portion of the unreacted alkyne intact when yields were low/zero). 
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Table 3.1: Microwave assisted Ru-catalyzed [2+2] cycloaddition between 2 and 32a. 

+
Cp*RuCl(COD) (5%)

32a 36a
2 Ph

P P

Ph

O OEt
OEt O

OEt
OEt

MW

 

Entry Solvent Temperature (°C) Power (W) Time (h) Yield (%) 

1 THF 60 var.a 2 0 

2 THF 90 var. 1b 0 

3 dioxane 100 var. 2 0 

4c dioxane 100 var. 2 0 

5 neat 90 var. 1b 0 

6 neat 150 var. 2 0 

7d neat ~150 80 1 0 

8d neat ~150 100 1.5 0 

9d,e neat ~150 200 1.5 ~30f 

10 DMF 150 var. 2a 0g 

11 NMP 200 var. 2 0g 

12 DMSO 190 var. 2 0h 

aVariable wattage to maintain set temperature. bReaction was performed in 5 min intervals of 
irradiation. cCharcoal powder was added to assist in MW absorption. dConstant power experiment, 
temperatures reached approximate; eThe reaction was cooled during irradiation; fYield based on peak 
ratio between 32a and 36a in crude 31P NMR spectrum; g[2+2+2] product was isolated; hNo alkyne 
was observed by TLC. 

 
The lack of success with norbornadiene in the MA Ru-catalyzed [2+2] cycloaddition 

with alkynyl phosphonates led to the investigation of other alkene reaction partners, 

preferably with only one reactive alkene to limit the possibility of a homo Diels-Alder 

reaction. These reactions were performed in medium absorbing solvent (DMF or NMP) 

at constant power levels, control temperatures around the boiling point of the solvents to 

be maintained if reached, and PM on. The results of this work are seen in Table 3.2 with 

the corresponding traditionally heated thermal yields in dioxane provided for comparison. 

Reaction with 1 (entry 1) produced a moderate yield of cycloadduct 38a considering the 
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reaction time of only 2 h, though substantially less than the thermal yield. The 2,3 ester 

substituted alkenes (entries 2 and 3) did not undergo reaction in these conditions, with 

37c completely decomposing in the elevated temperature. Alkene 37d produced low 

yield after 2 h, the yield approximately doubled however when the reaction time was 

doubled to 4 h (entries 4 and 5). The reaction with 3 produced by far the highest yield. 

Table 3.2: Microwave assisted Ru-catalyzed [2+2] cycloaddition between alkyne 32a and various 
alkenes. 

X
R2

R2
+

Ph

X
R2

R2 Ph

Cp*RuCl(COD) (5%)

2, 3, 37b-d 38a-e32a

P
O OEt

OEt

P
O

OEt
OEt

MW

 

Entry Alkene Solvent Power 
(W) 

Control 
Temp. (°C) 

Time 
(h) 

Yield 
(%)a 

Thermal 
Yield (%)ab 

1 
1  

DMF 100 180 2 39 73 

2 
MeOOC

MeOOC
37b  

NMP 125 205 2 0 88 

3 
O

MeOOC

MeOOC
37c  

DMF 100 180 2 0c 36 

4 
37d  

DMF 100 180 2 ~20d 46 

5 
37d  

DMF 100 180 4 ~40d 46 

6 
O

3  
DMF 100 180 2 69 96 

aIsolated yields. bReactions proceeded for 10 d at 100 °C, see Chapter 2. cDecomposition of the starting 
alkene was apparent by TLC. dApproximate yield by comparing 32a and adduct peaks in 31P NMR 
spectra. 
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The Ru-catalyzed [2+2] cycloaddition between 3 and 32a was further investigated in 

an attempt to determine the optimal conditions for the microwave assisted cycloaddition 

with alkynyl phosphonates. First, control reactions were performed both by microwave 

and conventional oil bath heating, both set at 150 °C for 2 h in DMF. The microwave 

heated sample produced a much higher yield than conventional heating, at 68% and a 

mere 15% respectively (within the same time frame). Having seen that the microwave 

heating did indeed improve the reaction rate, the power and time were varied to find the 

best reaction parameters (Table 3.3). All reactions were run in DMF with a control 

temperature set at 180 °C and PM on. 

Table 3.3: Optimization of MA Ru-catalyzed [2+2] cycloaddition between 3 and 32a. 

O

+

Ph

O

Ph

Cp*RuCl(COD) (5%)

38e32a

P
O OEt

OEt

P
O

OEt
OEt

3

DMF, MW

 

Entry Power (W) Time (h) Yield (%)a 

1 100 2 69 

2 100 4 48 

3 70 3 28 

4 150 1 36 

5 150 2 30 
a Isolated yield 

  

Initially the time of the 100 W reaction was extended from 2 h (in the alkene 

screening, Table 3.2) to 4 h to allow for more complete reaction (entry 2). This lowered 

the yield of the reaction, and the crude 31P NMR spectrum indicated the appearance of a 

new peak, thought to represent a decomposition product of 38e, which was not isolated. 

The decomposition prompted pursuing a lower power level setting, which was run for 

longer to allow the reaction to go to completion. Running the reaction at 70 W for 3 h 
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(entry 3) produced a lower yield and returned some starting alkyne 32a unreacted.  The 

opposite approach was then attempted, with 150 W for 1 h (entry 4) the reaction might 

have sufficient energy to go to completion, while less time at elevated temperatures 

could reduce decomposition. This was not the case with a mere 36% yield recovered. 

Running the same power for 2 h (entry 5) only served to lower the yield. Therefore, the 

first parameters being the best, were revisited. Subsequent reactions run at 100 W for 

2h repeatedly produced isolated yields between 60 and 70%, regardless of the method 

used to separate the product from the DMF, and the solvent system used in column 

chromatography. These low yields cannot be explained as the 31P NMR spectra of the 

crude reaction mixtures show only one peak, representing the adduct 38e, with no 

starting alkyne detected.  

3.3. Conclusions 

In summary, microwave heating has been shown to greatly increase the reaction rate 

of the Ru-catalyzed [2+2] cycloaddition between certain bicyclic alkenes and alkynyl 

phosphonates. Reaction with norbornadiene achieved little success with high power 

levels, producing low yield and polymerization of the excess alkene. Further studies into 

the use of high boiling/low tan solvents, such as glyme or toluene, could produce better 

results. The reaction with polar solvents produced the homo Diels-Alder adduct, which 

will be discussed in Chapter 4. Of the alkenes investigated, 3 produced the best yield in 

a 2 h reaction period. Studies into the reaction with this alkene found that longer reaction 

times at higher power levels reduced yield due to decomposition of the adduct. Despite 

the crude 31P NMR spectrum indicating full conversion of the starting alkyne into the 

desired adduct, with no side reactions, the best isolated yield achieved was 69%. While 

this is lower than the final thermal yield of 96% (achieved over 10 days of heating, see 

Chapter 2), it is much greater than the analogous 2 h thermal reaction (15%). Further 
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studies of this reaction could benefit from the investigation into the affect of solvents with 

varying tan  values on the product yield. Low absorbing solvents with high pressure air 

cooling could lead to greater yield when employing alkenes that are sensitive to thermal 

decomposition/polymerization. Low absorbing solvents work by providing enough energy 

to allow for reaction while maintaining low bulk temperatures. 
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Chapter 4.  Ruthenium-Catalyzed Homo Diels-Alder [2+2+2] 

Cycloadditions  
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4.1. Introduction 

In Chapter 3 it was mentioned that upon microwave heating, norbornadiene 2 

underwent homo Diels-Alder (HDA) reaction with alkynyl phosphonate 32a in polar 

solvents, as opposed to the expected [2+2] cycloaddition. This is, to our knowledge, the 

first report of Ru catalyst 16 performing this mode of reaction. While the reaction did 

produce good yields using microwave heating (up to 73%), the reaction was pursued 

using conventional heating techniques to facilitate comparison with existing literature. 

2

R

R
R

R

Ti
Ni Zn

Co
Ni

dimerization

Co

 
Scheme 4.1: Cycloadditions involving both double bonds in 2. Adapted from Ref 1. 

The homoconjugation of the double bonds in norbornadiene (see Section 1.3) allows 

for a range of cycloadditions involving both alkenes to take place (Scheme 4.1).1 One of 

the more heavily investigated of these reactions is the homo Diels-Alder cycloaddition. 

The name is derived from the similarity to the traditional Diels-Alder [4+2] cycloaddition, 

where a conjugated diene reacts with a dieneophile (alkyne or alkyne) to produce a six 

membered ring containing a double bond (Scheme 4.2 A). The variation in the homo DA 

cycloaddition, is that the diene is separated by an sp3 carbon and is therefore not 
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conjugated. The product is still a six membered ring (denoted in bold), though without an 

existing bond between the alkene units of the diene, a single bond is formed (Scheme 

4.2 B).2  

+A)

B) +

 

Scheme 4.2: Comparison of A) traditional Diels-Alder and B) homo Diels-Alder reactions. 

The HDA reaction with 2 leads to complex polycyclic structures, which can be 

fragmented to form a wide range of possible structures. The cyclopropane ring formed is 

reactive due to the ring strain present. Selective cleavage of two bonds around the 

cyclopropane can provide an array of fused bicycles (Scheme 4.3). Reactions involving 

either b/c or d/c type cleavages have been pursued by both Lautens,3 as well as 

Snyder,4 to form a series of diquinanes from [2+2+2] HDA adducts.  

a
b

c

d

R

RR

RR
bc dc

bd ac

 

Scheme 4.3: Fragmentation options of HDA adduct. Adapted from Ref 1. 

Synder also investigated similar reactions with [4+2+2] HDA adducts. The adducts, 

containing a C7 tert-butoxy substituent, underwent Zeise’s dimer catalysed cyclobutane 

ring opening to afford two possible products (Scheme 4.4).5 Product B could then go on 

to form the hydroazulene skeleton seen in Portutal (42), a plant growth regulator.6 
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Scheme 4.4: Above: Zeise's dimer catalyzed ring opening of [4+2+2] HDA adduct. Below: Portutal. 

The homo Diels-Alder reaction was first discovered by Ullman in 1958 when, upon 

reaction of 2 with maleic anhydride at 205 °C, the HDA adduct 43 was isolated in small 

quantities (Scheme 4.5 A).7 Following that work, similar thermal HDA reactions were 

reported.8 The limitation of these methods was the requirement of highly activated 

reaction partners, with heavily electron poor π-systems. Reagents achieving successful 

reaction included tetracyanoethylene 44 (Scheme 4.5 B),8a and hexafluoro-2-butyne 45 

(Scheme 4.5 C).8c The reactions also required high temperatures and proceeded over 

multiple days. 

+

+

+

O OO

CN

CN

NC

NC

CF3F3C

205 oC

200 oC

150 oC

O OO

NC
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CN
CN
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B)

C)

43
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Scheme 4.5: Examples of thermal HDA reactions. 
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4.1.1. Transition Metal Catalyzed Homo Diels-Alder Reaction 

Due to the limitations of the thermally activated HDA cycloaddition, metal catalysts 

were investigated to allow for wider applicability. It was found that Ni(COD)2, along with 2 

eq. of PPh3, was able to catalyze the HDA reaction between 2 and less activated olefins. 

The Ni catalyst was active towards alkyl and aryl substituted alkenes, as well as more 

alkenes activated by electron withdrawing substituents.1 While the thermal process 

produced the endo cycloadduct, when considering unsymmetrical alkenes, the Ni 

catalyzed reaction yielded the exo adduct almost exclusively.2 Studies have also been 

performed on the selectivity of the Ni-catalyzed HDA reaction, in regards to substitution 

on the norbornene skeleton (i.e. on C7 or C2).9 

Following the periodic table to the left from nickel, it was found that cobalt was 

effective in catalyzing the homo Diels-Alder cycloaddition between 2 and unactivated 

acetylenes. The active catalytic species was produced by reducing Co(acac)3 in situ by 

Et2AlCl, in the presence of 1,2-bis(diphenylphosphino)ethane (DPPE). This Co catalyst 

was able to catalyze the HDA reaction principally with terminal alkynes bearing aromatic 

and aliphatic substituents.2,10 Studies into enantioselective HDA reactions with alkynes 

have been performed where the DPPE was replaced by a chiral bidentate phosphine 

ligand (e.g. DuPHOS). Enantiomeric excess of up to 91% was achieved, maintaining 

strong yields greater than 80%.11  

The mechanisms proposed for the nickel and cobalt catalyzed HDA cycloadditions 

follow the same pathway (Scheme 4.6). First, the metal center coordinates to the two 

reaction partners. The diene coordinates in a bidentate manner due to the affinity for this 

binding mode with Ni and Co.12 Metallacycle A is then formed, creating the cyclopropane 

ring in the back of the molecule. The unsaturated species inserts into the metallacycle, 
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at which point reductive elimination of the metal species produces the desired 

deltacyclane/ene, returning the active catalyst.1  

[M]
M

M
M A

 
Scheme 4.6: Proposed mechanism for Ni/Co catalyzed HDA reaction. 

Beyond cyclotrimerization (Section 1.2), ruthenium has been reported to catalyze 

another form of [2+2+2] cycloaddition, that between alkynes and unconjugated dienes. 

The first example is not a true HDA reaction, as seen above with Ni and Co, but a bis-

homo Diels-Alder reaction. Trost found that a ruthenium complex similar to 16 was able 

to catalyze the [2+2+2] cycloaddition between various alkynes and COD (containing 

double bonds separated by two sp3 carbons) (Scheme 4.7). CpRuCl(COD) in polar protic 

solvents, such as MeOH of aq. DMF, formed the bis-HDA adduct, while non-polar 

solvents did not. This observation suggested that the polar solvent encouraged the 

formation of a cationic Ru species that could coordinate to the three π-systems 

simultaneously. This was reinforced by the fact that the reaction proceeded in non-polar 

1,2-dichloroethane with the addition of silver triflate (to abstract the chlorine and form the 

cation).13 

R2R1+ CpRuCl(COD)
MeOH R1

R2

 

Scheme 4.7: Ru-catalyzed bis-homo Diels-Alder reaction with cyclooctadiene. 
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Another cationic Ru species has been found to allow for HDA [2+2+2] cycloaddition 

with alkynes. [Cp*Ru(H2O)(NBD)]+BF4
- 46 has been shown to initiate the HDA reaction 

between the NBD coordinated to the metal center and either diphenyl or 

methylphenylacetylene. The adduct then stays coordinated to the Ru in an η6 fashion 

through the phenyl substituent; the corresponding metal complexes were isolated and 

characterized by x-ray crystallography (Scheme 4.1 A). The reaction is believed to 

proceed through a similar intermediate as the previous Ru catalyst, with a half sandwich 

ruthenium complex coordinated to the three π-systems. Unlike the Ni and Co 

mechanism previously mentioned (Scheme 4.6), the researchers believe the Ru to first 

form a ruthenapentacycle between the acetylene and one olefin (π-coordinated to the 

second olefin). Through a series of steps ending with the reductive elimination of Ru to 

form the cyclopropane ring, the final adduct it formed. The catalyst 46 has also been 

shown to effect the 1-5 addition of H2, through the homoconjugation of the double bonds, 

similar to the HDA reaction (Scheme 4.8 B). Of note is an interesting 

dimerization/isomerisation when 46 is reacted with excess 2 (Scheme 4.1 C).14 

Ru
H2O

Ph

BF4
Ru

BF4

benzene
H2

Ru

BF4

H
H

Ru

BF4

+

46

NBD

A

B

C

 

Scheme 4.8: Reactions of NBD coordinated to 46. 
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The final example is the HDA [2+2+2] cycloaddition allowed by a catalytic amount of a 

ruthenium complex. Tenaglia reported that a number of ruthenium catalysts were able to 

perform the HDA reaction between 2 and various alkynes. While 2-butyne-1,4-diol 47 did 

undergo HDA reaction with 2 in the presence of CpRuCl(PPh3)2 in dioxane at  

90 °C, the reaction took 6 days to achieve low yields. Therefore different Ru catalysts 

were screened to find improved activity over a 10 h period (Table 4.1). Of the catalysts 

studied it was found that Ru(0) was not effective at catalyzing the reaction (entry 1) while 

Ru(+2) was. It was also observed that a bidentate phosphine ligand shut down the 

reaction, compared to the analogous catalyst with PPh3, which was highly effective 

(entries 7 and 6 respectively). Finally, when the ruthenium was pre coordinated to NBD 

before the reaction, the yield increased moderately (entries 3 and 5).15  

Table 4.1: Ru-catalyzed HDA reaction between 2 and 47.15 

+
OHHO dioxane, 90 oC

Ru-cat

47 HO OH  

Entry Catalyst Yield (%) 

1 Ru(COD)(COT) 0 

2 (η5-C9H7)RuCl(PPh3)2 80 

3 RuCl2(PPh3)3 89 

4 [RuCl2(CO)(NBD)]2 / PPh3 92 

5 RuCl2(PPh3)2(NBD) 94 

6 [Ru(COD)Cl2]n / PPh3 94 

7 [Ru(COD)Cl2]n / DPPE 0 

  
Using RuCl2(PPh3)2(NBD) as the catalyst, a series of alkynes were reacted with 2. A 

number of symmetrical and unsymmetrical substrates were investigated. It was found 

that for the reaction to proceed, at least one substituent needed to be of electron 

withdrawing nature (i.e. ether, carboxylate); 3-hexyne produced poor yields over long 
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reaction times with high catalyst loading.15 Less reactive substrates, including terminal 

alkynes, were able to undergo the HDA reaction when carried out in an intramolecular 

fashion.16 The proposed mechanism for this reaction is the same as was reported for Ni 

and Co catalyzed HDA reactions (Scheme 4.6). 

4.2. Results and Discussion 

As reported in Chapter 3, the homo Diels-Alder adduct was formed in the microwave 

assisted Ru-catalyzed [2+2] cycloaddition between NBD and diethyl 

phenylethynylphosphonate. The presence of the [2+2+2] adduct 48 was determined by 

2D NMR studies of the isolated product (Appendix 1). As the reaction was heretofore 

unknown, with the Ru catalyst (16) or the alkyne species (phosphonates) in question, 

heating by microwave was halted in favour of investigating this reaction using 

conventional heating. The reaction had to first be optimized, to determine the best 

thermal reaction conditions. To expedite the optimization of the reaction, quantitative 

NMR studies were performed to determine the amount of [2+2+2] adduct present in the 

crude reaction. The quantitative NMR studies were performed by coupled 31P NMR 

methods, with an internal standard (trimethylphosphite) of known amount that has a 

chemical shift far removed from the species in the reaction. Control experiments found 

that no correction factor was necessary to relate the peak integration to the molar ratio of 

the standard and 48 within 5% error (Appendix 1).    

The reaction that proceeded in the microwave did so in polar aprotic solvents, DMF or 

NMP, over a period of 2 h with a control temperature of 180 °C. This was therefore the 

starting point in regards to optimizing the thermal reaction conditions. First, the 

temperature necessary to achieve reaction was investigated (Table 4.2). Lower reaction 

temperatures, 100 °C and below (entries 1-3), simply returned the unreacted starting 

alkynyl phosphonate. Increasing the temperature to 150 °C (entry 4) allowed for the 
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reaction to proceed, though starting alkyne was still detected in the 31P NMR spectrum of 

the crude reaction mixture. Therefore, a reaction temperature of 160 °C was attempted 

(as this was the highest temperature that could be achieved before the oil bath began to 

fume and turn brown, entry 5) and achieved complete conversion of the alkyne to 48, 

with no starting material or side products visible by either TLC or 31P NMR spectroscopy. 

Table 4.2: Temperature optimization for the Ru-catalyzed HDA reaction between 2 and 32a. 

+ PPh

PPh

O
OEt

OEt O

OEtEtO

Ru-cat 16
NMP, 2 h

2 32 a 48
 

Entry Temperature (°C) Yield (%)a Remaining 32a (%) 

1 60 0 100 

2 80 0 100 

3 100 0 100 

4 150 70 5 

5 160 92 0 
aYield by quantitative 31P NMR spectroscopy with internal P(OMe)3 standard. 

 
Proceeding with 160 °C as the optimal temperature the optimal solvent was 

investigated (Table 4.3). Other polar aprotic solvents, besides NMP, were investigated. 

DMF (entry 2) was found to allow the HDA reaction to proceed, however, the yield was 

only moderate and the [2+2] adduct 36a was also observed. DMSO (entry 3) produced 

no discernable cycloadduct, with the NMR spectrum of the crude showing an array of 

side products formed. The non-polar solvents investigated were diglyme and mesitylene 

(entries 4 and 5). Both solvents allowed for the production of 36a, with the latter also 

providing an appreciable yield of 48. Ethylene glycol was employed as a protic solvent 

(entry 6) and, as with DMSO, did not produce either cycloadduct; a number of side 

products that were not identified were present in the 31P NMR spectrum. Based on these 
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results it was determined that NMP was the best solvent to allow for clean HDA reaction 

with no competing processes. 

Table 4.3: Solvent optimization for the Ru-catalyzed HDA reaction between 2 and 32a. 

+ PPh

PPh

O
OEt

OEt O

OEtEtO

Ru-cat 16
160 oC, 2 h

2 32a 48

P

Ph

O
OEt
OEt +

36a  

Entry Solvent 
Yield (%)a 

[2+2] [2+2+2] 

1 NMP 0 92 

2 DMF 12 53 

3 DMSO 0 0 b 

4 diglyme 9 0 c 

5 mesitylene 12 69 

6 ethylene glycol 0 0 b 
aYield by quantitative 31P NMR spectroscopy with internal P(OMe)3 standard. 
bStarting alkyne and unidentified side products observed in 31P NMR spectrum. 
cStarting alkyne observed in 31P NMR spectrum. 

 
Following the determination of the optimal temperature and solvent for the Ru-

catalyzed HDA cycloaddition with 16, a series of other catalysts available in the Tam lab 

were screened to determine the best Ru catalyst for this mode of reaction (Table 4.4). In 

an attempt to determine if the polar solvent allowed for a cationic active catalyst species, 

as was observed previously in the bis-HDA13 and stoichiometric HDA14 reactions, silver 

triflate was added to the reaction (entry 2). The formation of the [Cp*Ru]+ species 

appears to limit the reactivity reducing the resultant yield greatly. Interestingly, it was a 

cationic species that was the only other catalyst able to produce more than 50% of 48 

(entry 4). Removing the methyl groups from the Cp* ligand with cyclopentadienyl (Cp) 

halted the HDA reaction and provided the [2+2] adduct 36a (entry 3), as did replacing 

the Cp* with a second chlorine ligand (entry 7). Using phosphine ligands in place of the 
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COD alkene ligand removed the catalytic activity from both cycloaddition pathways 

(entries 5 and 6).  The final Ru dimer (entry 8) only afforded minor activity towards the 

HDA reaction. The initial catalyst, 16, is therefore the best option for the HDA reaction 

between 2 and 32a.   

Table 4.4: Catalyst screening for the Ru-catalyzed HDA reaction between 2 and 32a. 

+ PPh

PPh

O
OEt

OEt O

OEtEtO

160 oC, 2 h

2 32a 48

P

Ph

O
OEt
OEt +

36a

Ru-cat, NMP

 

Entry Catalyst 
Yield (%)a 

[2+2] [2+2+2] 

1 Cp*RuCl(COD), 16 0 92 

2 Cp*RuCl(COD), AgOTf 0 5b 

3 CpRuCl(COD) 25 0b 

4 [Cp*Ru(CH3NC)3]+ PF6
- 0 55b 

5 CpRuCl(PPh3)2 0 0c 

6 RuCl2(PPh3)3 0 0c 

7 RuCl2(COD) 8 0b 

8 [RuCl2(CO)3]2 0 7b 

aYield by quantitative 31P NMR spectroscopy with internal P(OMe)3 standard. 
bStarting alkyne observed in 31P NMR spectrum. cOnly starting alkyne present in 31P 
NMR spectrum. 

 
The above catalyst study provides conflicting evidence towards the possible catalytic 

cycle responsible for the HDA cycloaddition observed. It follows that the active catalyst is 

the cationic species formed in the polar solvent, as was observed with previous catalytic 

systems. In this way, the Ru center would have 3 coordination sites available to complex 

with all of the unsaturated systems simultaneously, with the HDA reaction proceeding 

through a similar path as the Ni and Co catalysts (Scheme 4.6). In nonpolar solvents, 

with the dominating neutral Ru species, the [2+2] reaction is observed. The other 



- 91 - 
 

cationic Ru species (entry 4) allowing for the HDA reaction would also point to this effect. 

However, the lack of reactivity when the cationic [Cp*Ru]+ is formed by silver abstraction 

of the chlorine ligand, contradicts the previous logic. The neutral species would need to 

catalyze the HDA reaction through successive coordination to only two π-systems at a 

time. This could explain the observation of both adducts in DMF and mesitylene, with 

both products coming from a divergent pathway, and the stability of the two possible 

paths depending on the solvent polarity. A similar form of divergent mechanism was 

employed to explain the Ru catalyzed formation of cyclobutene, cyclopropane and 

isochromine products from the reaction of 3 with propargylic alcohols.17 No matter the 

charge on the Ru, species the added methyl groups on the Cp ring appear to play a role, 

as the 36a was formed in their absence. Further studies are required to form a clear 

model of the HDA [2+2+2] cycloaddition with Ru catalyst 16.   

+ XAr

XAr

160 oC, 2 h
2

X

Ar
+

16, NMP

X = CO2Et, Ph, SPh, Br
Ar = Ph, Tol  

Scheme 4.9: Determining the scope of alkynes accessible to the Ru-catalyzed HDA reaction. 

To test the applicability of the Ru catalyzed HDA reaction on different alkynes, a 

number of different acetylenic substituents were attempted (Scheme 4.9). The ethyl 

ester and bromine substituted alkynes, which are highly active towards the [2+2] 

cycloaddition in THF, formed the [2+2] adduct in NMP as well. Diphenyl acetylene and 

the alkynyl sulfide (being much less reactive) produced the [2+2] cycloadduct, though in 

much lower yield, leaving much of the starting alkynes unreacted. Though by no means 

extensive, the brief study of these four representative alkynes indicates that the HDA 

reaction as catalyzed by 16 may be exclusive to the unique electronic properties of the 
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phosphonate substituted alkynes. Such unique reactivity when dealing with 

metallacycles of alkynyl phosphonates is not unprecedented. The direct formation of 1,2-

susbstituted cyclobutenyl phosphonates  from alkynyl phosphonates and 

Cp2ZrCl2/2EtMgCl/2CuCl has been reported to be ineffective with different alkynes. This 

was attributed to the observed stability that the phosphonate group lends to 

zirconocycles.18    

4.3. Conclusions 

In summary, the first example of ruthenium catalyzed [2+2+2] homo Diels-Alder 

reaction with either Cp*RuCl(COD) 16 or alkynyl phosphonates has been demonstrated. 

The reaction conditions were optimized, it was found that the reaction precedes best in 

polar solvent (i.e. NMP) at 160 °C for 2 h, with 16 as the catalyst. Further studies are 

required to determine the reaction mechanism, as conflicting results made determining 

the specific catalytic species difficult. The reaction was found not to proceed with groups 

on the alkynes other than phosphonates; the competing [2+2] cycloaddition being the 

only cycloadduct. The alkynes studied represent different levels of activity towards the 

competing [2+2] reaction, but the selection of substituents was far from exhaustive, 

making it difficult to conclude the reaction is completely unique to alkynyl phosphonates. 

Further studies into the reactivity of different alkynyl phosphonates, as well as the 

selectivity of the reaction towards 2 and 7 substituted NBD species, are necessary to 

expand the scope of the reaction.  
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Chapter 5.  Experimental 
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5.1. General Information 

All reactions were carried out in an atmosphere of dry nitrogen or argon.  Microwave 

heating was performed by the CEM Discover S-class model of microwave reactor in 10 

mL reaction vials. Temperature in the microwave reactor was measured by infrared 

detection. All glassware was flame or oven dried and purged under an inert atmosphere 

of dry nitrogen. Column chromatography was performed on 230-400 mesh silica gel 

using flash column chromatography techniques.  Analytical thin-layer chromatography 

(TLC) was performed on Silicycle precoated silica gel 250 µm F-254 plates. Visualization 

was accomplished with UV light and/or KMnO4.   

Infrared spectra (IR) were obtained on a Nicolet 380-FTIR spectrophotometer and are 

reported as wavelength numbers (cm-1). Infrared spectra were obtained as a thin film on 

a NaCl disk. 1H, 13C and 31P NMR spectra were recorded on Bruker 300, 400 or 600 

MHz spectrometers. Chemical shifts for 1H NMR spectra are reported in parts per million 

(ppm) from tetramethylsilane with the solvent resonance as the internal standard 

(chloroform:  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:  77.0 ppm). Chemical shifts for 31P NMR spectra are reported in 

parts per million (ppm) from phosphoric acid with trimethylphosphite as the external 

standard (trimethylphosphite:  141.0 ppm). High resolution mass spectrometry (MS) 

was performed at the McMaster Regional Centre for Mass Spectrometry, Hamilton, 

Ontario. The samples were ionized by chemical ionization (CI) or electrospray ionization 

(ESI) as specified and detection of the ions was performed by time of flight or triple 

quadrupole respectively.  

Reagents: Unless stated otherwise, commercial reagents and catalyst were used 

without purification. Solvents were purified by distillation under dry nitrogen: from CaH2 
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(DMF, diglyme, mesitylene) from molecular sieves (dioxane, Et3N, NMP, DMSO, 

ethylene glycol); and from potassium/benzophenone (THF). Bicyclic alkenes 3,1 37b,2 

37c,3 37d,4 37f5 and 37g6 were prepared according to literature procedures. 

 

5.2. General Procedures 

General procedure (A) for synthesis of alkynyl phosphonate: Diisopropylamine (1.5 

eq) was dissolved in THF (~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 stirred at room 

temperature for 1h. The mixture was then added via a cannula to a second RBF 

containing the terminal alkyne (1eq) in THF (~0.6 M) at -78 °C which was then stirred 

while warming to r.t. for 2 h. In a third RBF, chlorophosphate (2 eq) was dissolved in 

THF (~0.6 M) and cooled to -78 °C. The deprotonated alkyne was then added dropwise 

via a cannula to the electrophile. 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). 

General procedure (B) for Ru-catalyzed [2+2] cycloaddition of 2 with alkynyl 

phosphonates:  A mixture of norbornadiene (20 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 drybox where 5-10 mol% Cp*RuCl(COD) was weighed out and added and 

the vial sealed. The reaction mixture was stirred outside the glove box at 100 °C for 10 

days. The crude product was purified by flash chromatography to yield the 

corresponding cycloadduct (ethyl acetate/hexanes mixture). 
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General procedure (C) for Ru-catalyzed [2+2] cycloaddition of 32a with bicyclic 

alkenes: A mixture of bicyclic alkene (2-5 equiv.), and alkynyl phosphonate (1 equiv.) in 

dioxane (~ 1.6 M) was prepared in an oven dried screw-cap vial. The vial was purged 

with nitrogen and taken into the drybox where 5-10 mol% Cp*RuCl(COD) was weighed 

out and added and the vial sealed. The reaction mixture was stirred outside the glove 

box at 100 °C for 10 days. The crude product was purified by flash chromatography to 

yield the corresponding cycloadduct (ethyl acetate/hexanes mixture). 

5.3. Chapter 2: Ru-catalyzed [2+2] cycloadditions 

5.3.1. Synthesis of alkynes 

HR
1. LDA, -30 oC to 25 oC PR

O
OR1

OR1
2.30 32
3. NH4Cl (saturated)

Cl
P

OR1

O
OR1

31

 

Diethyl Phenylethynylphosphonate (32a). Following the above 

general procedure (A) with diisopropylamine (0.96 mL, 6.85 

mmol), n-BuLi (1.6 M in hexanes, 2.85 mL, 4.56 mmol), phenylacetylene 30a (0.50 mL. 

4.55 mmol), and diethylchlorophosphate 31a (1.31 mL, 9.12 mmol). The crude product 

was purified by column chromatography (EtOAc:hexanes 1:1) to provide 32a as a yellow 

oil (0.92 g, 3.87 mmol, 85%): Rf  0.32 (EtOAc:hexanes 1:1); 1H NMR (CDCl3, 400 MHz) δ 

7.53 (br d, 2H, J = 7.1 Hz), 7.42 (tt, 1H, J = 6.4, 1.2 Hz), 7.34 (br t, 2H, J = 7.1 Hz), 4.24-

4.46 (br p, 4H, J = 7.1 Hz), 1.38 (td, 6H, J = 7.1, 0.6 Hz); 13C NMR (APT, CDCl3, 100 

MHz) δ 132.5 (d, 2C, J = 2.1Hz), 130.6, 128.5 (2), 119.4 (d, J = 5.7 Hz), 98.9 (d, J = 53.1 

Hz), 78.2 (d, J = 299.7 Hz), 63.1 (d, 2C, J = 5.5 Hz), 16.0 (d, 2C, J = 6.7 Hz); 31P NMR 

(CDCl3, 160 MHz) δ -5.6. The spectral data are identical to those reported in the 

literature.7  
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Dimethyl Phenylethynylphosphonate (32b). Following the 

above general procedure (A) with diisopropylamine (0.96 mL, 

6.85 mmol), n-BuLi (1.6 M in hexanes, 2.85 mL, 4.56 mmol), phenylacetylene 30a (0.50 

mL. 4.55 mmol), and dimethylchlorophosphate 31b (0.7 mL, 6.5 mmol). The crude 

product was purified by column chromatography (EtOAc:hexanes 1:1) to provide 32b as 

a dark yellow oil (0.38 g, 1.81 mmol, 40%): Rf  0.20 (EtOAc:hexanes 1:1); 1H NMR 

(CDCl3, 400 MHz) δ 7.51 (br d, 2H, J = 7.7 Hz), 7.40 (br t, 1H, J = 7.5 Hz), 7.32 (br t, 2H, 

J = 7.6 Hz), 3.79 (d, 6H, J = 12.3 Hz); 13C NMR (CDCl3, 100 MHz) δ 132.5 (d, 2C, J = 

2.3 Hz), 131.7, 128.4 (2), 119.0 (d, J = 5.5 Hz), 99.7 (d, J = 53.1 Hz), 76.7 (d, J = 302.2 

Hz), 53.2 (d, 2C, J = 5.5 Hz); 31P NMR (CDCl3, 160 MHz) δ -2.96. The spectral data are 

identical to those reported in the literature.8  

Diphenyl Phenylethynylphosphonate (32c). Following the 

above general procedure (A) with diisopropylamine (0.96 mL, 

6.85 mmol), n-BuLi (1.6 M in hexanes, 2.85 mL, 4.56 mmol), phenylacetylene 30a (0.50 

mL. 4.55 mmol), and diphenylchlorophosphate 31c (1.41 mL, 6.82 mmol). The crude 

product was purified by column chromatography (EtOAc:hexanes 1:4) to provide 32c as 

a colourless oil (0.31 g, 0.93 mmol, 20%): Rf  0.32 (EtOAc:hexanes 1:4); IR (CH2Cl2, 

NaCl) 3006 (w), 2187 (s), 1589 (s), 1488 (s), 1284 (s), 1186 (m), 951 (m) cm-1; 1H NMR 

(CDCl3, 400 MHz) δ 7.50-7.42 (m, 3H), 7.42-7.29 (m, 10H), 7.26-7.19 (m, 2H); 13C NMR 

(APT, CDCl3, 100 MHz) δ 150 (d, 2C, J = 7.4 Hz), 132.6 (d, 2C, J = 2.3 Hz), 131.1, 129.8 

(4), 128.6 (2), 125.6 (2), 120.7 (d, 4C, J = 4.9 Hz), 118.8 (d, J = 6.0 Hz), 102.0 (d, J = 

55.8 Hz), 77.2 (d, J = 319.8 Hz); 31P NMR (CDCl3, 160 MHz) δ -14.42; HRMS (CI) m/z 

calcd for C20H15O3P [M+H]+ 335.0837, found 335.0844. 

Diethyl 1-Hexynylphosphonate (32d). Following the above 

general procedure (A) with diisopropylamine (1.82 mL, 13 mmol), 
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n-BuLi (2.5 M in hexanes, 4.0 mL, 10 mmol), 1-heptyne 30b (1.15 mL. 10 mmol), and 

diethylchlorophosphate 31a (1.43 mL, 10 mmol). The crude product was purified by 

column chromatography (EtOAc:hexanes 1:1) to provide 32d as a pale yellow oil (1.88 

g,  8.61 mmol, 86%): Rf  0.28 (EtOAc:hexanes 1:1); 1H NMR (CDCl3, 400 MHz) 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 (d, 2C, J = 5.4 Hz), 29.3 (d, J = 1.4 

Hz), 21.8, 18.8 (d, J = 4.5 Hz), 16.0 (d, 2C, J = 7.1 Hz), 13.3; 31P NMR (CDCl3, 160 

MHz) δ -5.72. The spectral data are identical to those reported in the literature.9  

Diethyl Cyclohexylethynylphosphonate (32e). Following the 

above general procedure (A) with diisopropylamine (0.63 mL, 4.48 

mmol), n-BuLi (1.35 M in hexanes, 2.2 mL, 2.97 mmol), cyclohexylacetylene 30c (1.39 

mL. 2.96 mmol), and diethylchlorophosphate 31a (0.86 mL, 6.0 mmol). The crude 

product was purified by column chromatography (EtOAc:hexanes 1:1) to provide 32e as 

a pale yellow oil (0.35 g, 1.42mmol, 48%): Rf 0.46 (EtOAc:hexanes 1:1); IR (CH2Cl2, 

NaCl) 29.83 (m), 2933 (s), 2200 (s), 1632 (w), 1449 (m), 1261 (s), 1024 (s), 791 (s) cm-1; 

1H NMR (CDCl3, 400 MHz) δ 4.02 (br p, 4H, J = 7.0 Hz), 2.46-1.17 (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 MHz) δ 106.3 (d, J = 51.5 Hz), 69.9 (d, J = 301.3 Hz), 

62.6 (d, 2C, J = 5.4 Hz), 31.1 (d, 2C, J = 1.6 Hz), 29.0 (d, J = 4.1 Hz), 25.3, 24.2, 15.8 

(d, 2C, J = 6.9 Hz); 31P NMR (CDCl3, 160 MHz) δ -5.93; HRMS (CI) m/z calcd for 

C12H21O3P [M+H]+ 245.1307, found 245.1306. 

Diethyl 3-Hydroxypropynylphosphonate (32f). Following the 

above general procedure (A) with diisopropylamine (0.96 mL, 6.85 

mmol), n-BuLi (1.6 M in hexanes, 2.85 mL, 4.56 mmol), THP protected 3-
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hydroxypropyne 30d (637.8 mg. 4.55 mmol), and diethylchlorophosphate 31a (1.33 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 32f as a yellow oil (0.25 g, 1.30 mmol, 

28% over 2 steps): Rf  0.42 (EtOAc); 1H NMR (CDCl3, 400 MHz) δ 4.40-4.31 (m, 3H), 

4.15 (br p, 4H, J = 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 (d, 2C, J = 5.6 Hz), 50.4 (d, J 

= 4.2 Hz), 16.0 (d, 2C, J = 7.0 Hz); 31P NMR (CDCl3, 160 MHz) δ -6.82. The spectral 

data are identical to those reported in the literature.10  

Diethyl 3-tert-Butyldimethylsiloxypropynylphosphonate 

(32g). Following the above general procedure (A) with 

diisopropylamine (0.62 mL, 4.41 mmol), n-BuLi (1.35 M in hexanes, 2.17 mL, 2.93 

mmol), 3-tert-Butyldimethylsiloxypropyne 30e (0.50 g, 2.93 mmol), and 

diethylchlorophosphate 31a (0.84 mL, 5.86 mmol). The crude product was purified by 

column chromatography (EtOAc:hexanes 1:1) to provide 32g as a yellow oil (0.18 g, 

0.59 mmol, 20%): Rf  0.46 (EtOAc:hexanes 1:1); IR (CH2Cl2, NaCl) 2956 (s), 2208 (s), 

1473 (w), 1392 (w), 1263 (s), 1100 (s), 1023 (s), 837 (s) cm-1; 1H NMR (CDCl3, 400 

MHz) δ 4.83 (d, 2H, J = 3.8 Hz), 4.13 (br p, 4H, J = 7.1 Hz), 1.33 (t, 6H, J = 7.1 Hz), 0.87 

(s, 9H), 0.09 (s, 6H); 13C NMR (APT, CDCl3, 100 MHz) δ 98.8 (d, J = 49.9 Hz), 74.6 (d, J 

= 295.5 Hz), 63.1 (d, 2C, J = 5.5 Hz), 51.5 (d, J = 4.3 Hz), 25.6 (3), 18.1, 16.0 (d, 2H, J = 

7.0 Hz), -5.31 (2); 31P NMR (CDCl3, 160 MHz) δ -7.21; HRMS (CI) m/z calcd for 

C13H27SiO4P [M+H]+ 307.1495, found 307.1499. 

Diethyl 2-Tolylethynylphosphonate (32h). Following the above 

general procedure (A) with diisopropylamine (0.63 mL, 4.48 

mmol), n-BuLi (1.35 M in hexanes, 2.2 mL, 2.97 mmol), 2-tolylacetylene 30f (0.38 mL. 
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3.02 mmol), and diethylchlorophosphate 31a (0.86 mL, 6.0 mmol). The crude product 

was purified by column chromatography (EtOAc:hexanes 3:2) to provide 32h as a bright 

yellow oil (0.70 g, 2.77 mmol, 92%): Rf  0.51 (EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 

2984 (s), 2907 (m), 2182(s), 1603 (w), 1484 (m), 1264 (s), 1024 (s), 867 (s) cm-1; 1H 

NMR (CDCl3, 400 MHz) δ 7.50 (d, 1H, 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), 4.22 (br p, 4H, J = 7.2 Hz), 2.45 (s, 3H), 1.39 (t, 6H, J 

= 7.1 Hz); 13C NMR (APT, CDCl3, 100 MHz) δ 141.7 (d, J = 2.0 Hz), 133.0 (d, J = 2.5 

Hz), 130.6, 129.7 ,125.7, 119.3 (d, J = 5.5 Hz), 98.1 (d, J = 52.7 Hz), 81.9 (d, J = 299.1 

Hz), 63.1 (d, 2C, J = 5.4 Hz), 20.5, 16.1 (d, 2C, J = 6.8 Hz); 31P NMR (CDCl3, 160 MHz) 

δ -6.07; HRMS (CI) m/z calcd for C13H17O3P 252.0915, found 252.0909. 

Diethyl 4-Tolylethynylphosphonate (32i). Following the 

above general procedure (A) with diisopropylamine (0.63 mL, 

4.48 mmol), n-BuLi (1.35 M in hexanes, 2.2 mL, 2.97 mmol), 4-tolylacetylene 30g (0.38 

mL. 3.0 mmol), and diethylchlorophosphate 31a (0.86 mL, 6.0 mmol). The crude product 

was purified by column chromatography (EtOAc:hexanes 3:2) to provide 32i as a yellow 

oil (0.50 g, 1.98 mmol, 65%): Rf  0.40 (EtOAc:hexanes 3:2); 1H NMR (CDCl3, 400 MHz) 

δ 7.40 (d, 2H, J = 8.1 Hz), 7.12 (d, 2H, J = 8.2 Hz), 4.17 (br p, 4H, J = 7.1 Hz), 2.32 (s, 

3H), 1.35 (t, 6H, J = 7.1 Hz); 13C NMR (APT, CDCl3, 100 MHz) δ 141.2, 132.4 (d, 2C, J = 

2.3 Hz), 129.2 (2), 116.2 (d, J = 5.8 Hz), 99.4 (d, J = 53.3 Hz), 77.6 (d, J = 300.6 Hz), 

63.0 (d, 2C, J = 5.5 Hz), 21.5, 16.0 (d, 2C, J = 7.0 Hz); 31P NMR (CDCl3, 160 MHz) δ -

5.86. The spectral data are identical to those reported in the literature.11  

Diethyl 4-Methoxyphenylethynylphosphonate (32j). 

Following the above general procedure (A) with 

diisopropylamine (0.96 mL, 6.85 mmol), n-BuLi (2.3 M in hexanes, 1.64 mL, 3.78 mmol), 

4-methoxyphenylacetylene 30h (0.50 g. 3.78 mmol), and diethylchlorophosphate 31a 

P
O

OEt
OEt

32i

P
O

OEt
OEt

MeO
32j



- 103 - 
 

(0.55 mL, 3.78 mmol). The crude product was purified by column chromatography 

(EtOAc:hexanes 3:2) to provide 32j as a yellow oil (0.86 g, 3.21 mmol, 85%): Rf 0.42 

(EtOAc:hexanes 3:2); 1H NMR (CDCl3, 400 MHz) δ 7.50 (d, 2H, J = 8.6 Hz), 6.87 (d, 2H, 

J = 8.8 Hz), 4.21 (br p, 4H, J = 7.2 Hz), 3.83 (s, 3H), 1.39 (td, 6H, J = 0.4, 7.1 Hz); 13C 

NMR (APT, CDCl3, 100 MHz) δ 161.4, 134.4 (d, 2C, J = 2.4 Hz), 114.2 (2), 111.4 (d, J = 

5.7 Hz), 99.7 (d, J = 53.9 Hz), 77.2 (d, J = 302.0 Hz), 63.1 (d, 2C, J = 5.5 Hz), 55.4, 16.1 

(d, 2C, J = 7.1 Hz); 31P NMR (CDCl3, 160 MHz) δ -5.58. The spectral data are identical 

to those reported in the literature.11  

Diethyl 3-Aminophenylethynylphosphonate (32k). 

Following the above general procedure (A) with 

diisopropylamine (1.82 mL, 13 mmol), n-BuLi (2.3 M in 

hexanes, 4.35 mL, 10 mmol), 3-aminophenylacetylene 30i (1.05 mL. 10 mmol), and 

diethylchlorophosphate 31a (1.43 mL, 10 mmol). The crude product was purified by 

column chromatography (EtOAc:hexanes 3:2) to provide 32k as a brown oil (0.89 g, 3.52 

mmol, 35%): Rf  0.45 (EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 3289 (m), 3196 (s), 2982 

(s), 1604 (s), 1476 (s), 1229 (s), 1023 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.18 (t, 1H J 

= 7.8 Hz), 7.14 (br s, 1H), 7.07 (d, 1H J = 7.6 Hz), 7.01(dd, 1H J = 1.4, 7.9 Hz), 6.64 (d, 

1H, J = 9.3 Hz), 4.22-4.03 (m, 4H), 3.04 (s, 1H), 1.31 (t, 6H, J = 7.2 Hz); 13C NMR (APT, 

CDCl3, 100 MHz) δ 140.0, 129.2, 123.0, 120.6 (d, J = 7.7 Hz), 118.0 (d, J = 7.3 Hz), 

83.4, 77.1, 62.8 (d, 2C, J = 4.8 Hz), 16.1 (d, 2C, J = 6.8 Hz); 31P NMR (CDCl3, 160 MHz) 

δ -0.99; HRMS (CI) m/z calcd for C12H16O3NP [M+H]+ 254.0946, found 254.0951. 

Diethyl 3-Fluoropheynylethynylphosphonate (32l). Following 

the above general procedure (A) with diisopropylamine (1.80 mL, 

13 mmol), n-BuLi (2.3 M in hexanes, 4.35 mL, 10 mmol), 3-

fluorophenylacetylene 30j (1.15 mL, 10 mmol), and diethylchlorophosphate 31a (1.43 
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mL, 10 mmol). The crude product was purified by column chromatography 

(EtOAc:hexanes 3:2) to provide 32l as a brown oil (2.23 g, 8.71 mmol, 87%): Rf  0.43 

(EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 2974 (m{), 2251 (m), 1580 (m), 1235 (m), 1025 

(s), 907 (s), 727 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.34-7.32 (m, 2H), 7.22 (br d, 1H, 

J = 8.9 Hz), 7.17-7.11 (m, 1H), 4.21 (br p, 4H, J = 7.1 Hz), 1.38 (td, 6H, J = 0.5, 7.1 Hz); 

13C NMR (APT, CDCl3, 100 MHz) δ 162.0 (d, J = 248.3 Hz), 130.3 (d, J = 9.0 Hz), 128.5 

(br s), 121.2 (dd, J = 5.6, 9.1 Hz), 119.2 (dd, J = 2.3, 23.4 Hz), 118.1 (d, J = 21.1Hz), 

97.0 (dd, J = 3.3, 52.5 Hz), 79.2 (d, J = 298.0 Hz), 63.2 (d, 2C, J = 5.4 Hz), 16.0 (d, 2C, J 

= 6.9 Hz); 31P NMR (CDCl3, 160 MHz) δ -6.15; HRMS (CI) m/z calcd for C12H14O3FP 

[M+H]+ 257.0743, found 257.0767. 

Diethyl 3-Thiophenylethynylphosphonate (32m). Following the 

above general procedure (A) with diisopropylamine (0.96 mL, 6.85 

mmol), n-BuLi (2.3 M in hexanes, 2.00 mL, 4.62 mmol), 3-thiophenylacetylene 30k (0.50 

g, 4.62 mmol), and diethylchlorophosphate 31a (0.66 mL, 4.62 mmol). The crude 

product was purified by column chromatography (EtOAc:hexanes 3:2) to provide 32m as 

a yellow oil (2.08 g, 8.54 mmol, 85%): Rf 0.55 (EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 

3080 (m), 2984 (s), 2189 (s), 1392 (m), 1263 (s), 1023 (s), 875 (s), 784 (s) cm-1; 1H NMR 

(CDCl3, 400 MHz) δ 7.71 (d, 1H, J = 2.8 Hz), 7.31 (dd, 1H, J = 3.0, 5.0 Hz), 7.19 (dd, 1H, 

J = 0.8, 5.0 Hz), 4.20 (br p, 4H, J = 7.2 Hz), 1.39 (t, 6H, J = 7.1 Hz); 13C NMR (APT, 

CDCl3, 100 MHz) δ 133.4, 129.9 (d, J = 1.9 Hz), 126.2, 118.8 (d, J = 5.9 Hz), 94.3 (d, J = 

54.2 Hz), 78.3 (d, J = 301.1 Hz), 63.2 (d, 2C, J = 5.6 Hz), 16.1 (d, 2C, J = 6.7 Hz); 31P 

NMR (CDCl3, 160 MHz) δ -5.89; HRMS (CI) m/z calcd for C10H13O3PS [M+H]+ 245.0401, 

found 245.0411. 
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5.3.2. Ru-catalysed [2+2] cycloaddition of 2 with alkynyl phosphonates 

+
Cp*RuCl(COD) (5%)

100 oC, 240 h, neat

32a-m
36a-m2 R

P P

R

O OR1OR1
O

OR1

OR1

 

Cycloadduct 36a (Table 2.5, Entry 1). Following the above 

general procedure (B) with alkyne 32a (39.8 mg, 0.167 mmol), 

norbornadiene 2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (7.5 

mg, 0.02 mmol) were used. The crude product was purified by column chromatography 

(EtOAc/hexanes 6:4) to provide cycloadduct 36a as a yellow oil (39.3 mg, 0.119 mmol, 

71%): Rf 0.34 (EtOAc/hexanes 1:1); IR (CH2Cl2, NaCl) 3058 (m), 2977 (s), 2939 (s), 

1491 (m), 1447 (m), 1390 (w), 1243 (s), 1024 (s), 962 (s), 779 (m) cm-1; 1H NMR (CDCl3, 

400 MHz) δ 7.90 (dd, 2H, J = 7.9, 1.6 Hz), 7.41-7.35 (m, 3H), 6.19 (br s, 2H), 4.19-4.06 

(m, 4H), 2.78 (t, 1H, J = 4.6 Hz), 2.71 (s, 2H), 2.52 (d, 1H, J = 3.5 Hz), 1.47 (d, 1H, J = 

9.2 Hz), 1.36 (d, 1H, J = 9.2 Hz), 1.32 (td, 6H, J = 7.0, 1.0 Hz) ; 13C NMR (CDCl3, 100 

MHz) δ  161.3 (d, J = 8.4 Hz), 136.1, 135.3, 132.5 (d, J = 1.1 Hz), 129.7, 128.51 (d, J = 

180.5 Hz), 128.46, 127.9, 61.55 (d, J = 3.4 Hz), 61.50 (d, J = 3.4Hz), 45.2, 44.9, 43.3, 

39.6, 39.2, 38.9, 16.4 (d, J = 3.8 Hz), 16.3 (d, J = 3.8 Hz); 31P NMR (CDCl3, 160 MHz) δ 

10.74; HRMS (CI) m/z calcd for C19H23O3P 330.1385, found 330.1389. 

Cycloadduct 36b (Table 2.5, entry 2). Following the above 

general procedure (B) with alkyne 32b (42 mg, 0.21 mmol), 

norbornadiene 2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (7.6 

mg, 0.02 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 1:1) to provide 36b as a yellow oil (26.7 mg, 0.088 mmol, 44%): Rf 0.28 

(EtOAc:hexanes 1:1); IR (CH2Cl2, NaCl) 3058 (w), 2950 (m), 1608 (w), 1244 (m), 1036 
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(s), 825 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.89 (br d, 2H, J = 7.6 Hz), 7.43-7.36 (m, 

3H), 6.20 (br s, 2H), 3.77 (d, 3H, J = 3.4 Hz), 3.74 (d, 3H, J = 3.4 Hz), 2.81 (br t, 1H, J = 

4.7 Hz), 2.71 (br s, 2H), 2.52 (d, 1H, J = 3.6 Hz), 1.47 (d, J = 9.3 Hz), 1.37 (d, 1H, J = 9.3 

Hz); 13C NMR (APT, CDCl3, 100 MHz) δ 162.4 (d J = 8.6 Hz), 136.1, 135.3, 132.4 (d, J = 

1.1 Hz), 129.9, 128.6 (2), 127.8 (2), 127.2 (d, J = 180.5 Hz), 52.20 (d, J = 5.0 Hz), 52.15 

(d, J = 5.0 Hz), 45.2 (d, J = 31.8 Hz), 43.4 (d, J = 8.9 Hz), 39.7, 39.2, 38.8; 31P NMR 

(CDCl3, 160 MHz) δ 13.34; HRMS (ESI) m/z calcd for C17H19O3P [M+H]+ 303.1150, 

found 303.1156. 

Cycloadduct 36c (Table 2.5, entry 3). Following the above 

general procedure (B) with alkyne 32c (53.2 mg, 0.16 mmol), 

norbornadiene 2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (5.7 

mg, 0.015 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 1:4) to provide 36c as a pale brown solid (61.8 mg, 0.14 mmol, 97%): 

Rf  0.45 (EtOAc:hexanes 1:4); m.p. 65-68°C; IR (CH2Cl2, NaCl) 3061(s), 2974 (s), 1590 

(s), 1489 (s), 1186 (s), 1070 (m), 920 (m), 761 (s) cm-1; 1H NMR (CDCl3, 300 MHz) δ 

8.00-7.97 (m, 2H), 7.48-7.39 (m, 3H), 7.35-7.23 (m, 8H), 7.19-7.14 (br t, 2H, J = 6.9 Hz),, 

6.21 (br s, 2H), 2.85 (dd, 1H, J = 3.6, 6.2 Hz), 2.74 (s, 2H), 2.60 (d, 1H, J = 3.4 Hz), 1.36 

(d, 1H, J = 9.4 Hz), 1.29 (d, 1H, J = 9.2 Hz); 13C NMR (APT, CDCl3, 75 MHz) δ 164.5 (d, 

J = 9.2 Hz), 150.5 (d, J = 4.8 Hz), 150.3 (d, J = 4.8 Hz), 136.2, 135.4, 132.2, 130.4, 

129.7 (2), 128.6, 128.2, 126.5 (d, J = 181.9 Hz), 124.9 (d, J = 5.0 Hz), 120.6 (d, J = 4.5 

Hz), 120.4 (d, J = 4.8 Hz), 45.6 (d, J = 33.3 Hz), 43.8 (d, J = 9.63 Hz), 39.7, 39.3, 39.1; 

31P NMR (CDCl3, 160 MHz) δ 3.11; HRMS (CI) m/z calcd for C27H23O3P [M+H]+ 

427.1463, found 427.1455. 
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Cycloadduct 36d (Table 2.5, entry 4). Following the above general 

procedure (B) with alkyne 32d (43.7 mg, 0.20 mmol), norbornadiene 

2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (7.7 mg, 0.02 mmol).  

The crude product was purified by column chromatography (EtOAc:hexanes 2:3) to 

provide 36d as a yellow oil (42.1 mg, 0.13 mmol, 68%): Rf  0.38 (EtOAc:hexanes 2:3); IR 

(CH2Cl2, NaCl) 2975 (m), 2872 (w), 1626 (w), 1241 (m), 1027 (s), 963 (m), 796 (w) cm-1; 

1H NMR (CDCl3, 400 MHz) δ 6.10-6.07 (m, 2H), 4.09-4.02 (m, 4H), 2.59 (s, 1H), 2.50 (s, 

1H), 2.38 (br s, 2H), 1.47-1.23 (m, 8H), 1.31 (t, 6H, J = 7.0 Hz), 0.90 (t, 3H, J = 7.2 Hz); 

13C NMR (APT, CDCl3, 100 MHz) δ 170.1 (d, J = 9.8 Hz), 135.9, 135.2, 129.7 (d, J = 

179.8 Hz), 61.1 (d, J = 5.6 Hz), 47.0 (d, J = 33.7 Hz), 43.1 (d, J = 10.3 Hz), 39.6, 39.0, 

38.2, 29.33, 29.26, 22.8, 16.5 (d, J = 6.1 Hz), 16.4 (d, J = 6.1 Hz), 13.8; 31P NMR 

(CDCl3, 160 MHz) δ 10.83; HRMS (CI) m/z calcd for C17H27O3P 310.1698, found 

310.1691. 

Cycloadduct 36f (Table 2.5, entry 6). Following the above general 

procedure (B) with alkyne 32f (41.8 mg, 0.22 mmol), norbornadiene 

2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (6.0 mg, 0.16 mmol).  

The crude product was purified by column chromatography (EtOAc) to provide 36e as a 

light yellow oil (42.6 mg, 0.15 mmol, 69%): Rf  0.34 (EtOAc); 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 MHz) δ 6.11 (t, 2H 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 MHz) δ 171.3 (d, 

J = 11.2 Hz), 135.7, 135.3, 129.3 (d, J = 179.1 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 
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Hz), 16.3 (d, J = 6.4 Hz); 31P NMR (CDCl3, 160 MHz) δ 12.38; HRMS (CI) m/z calcd for 

C14H21O4P [M+H]+ 285.1256, found, 285.1261.  

Cycloadduct 36g (Table 2.5, entry 7). Following the above 

general procedure (B) with alkyne 32g (40.2 mg, 0.13 mmol), 

norbornadiene 2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (7.0 

mg, 0.18 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 2:3) to provide 36g as a dark brown oil (34.9 mg, 0.088 mmol, 67%): Rf  

0.44 (EtOAc:hexanes 2:3); IR (CH2Cl2, NaCl) 2930 (s), 2857 (m), 1631 (w), 1472 (m), 

1252 (s), 1166 (m), 1029 (s), 965 (m), 838 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 6.13-

6.10 (m, 2H), 4.52-4.40 (m, 2H), 4.10-4.05 (m, 4H), 2.61 (s, 2H), 2.53-2.51 (m, 2H), 2.41 

(s, 1H), 1.43 (d, 1H, J = 9.4 Hz), 1.36-1.31 (m, 7H), 0.90 (s, 9H), 0.07 (s, 6H); 13C NMR 

(APT, CDCl3, 100 MHz) δ 167.7 (d, J = 8.8 Hz), 135.63, 135.60, 129.9 (d, J = 179.9 Hz), 

61.4 (d, 2C, J = 5.4 Hz), 59.4, 46.3 (d, J = 32.4 Hz), 43.3 (d, J = 9.5 Hz), 39.6, 39.0, 

38.4, 29.7, 25.8 (3), 16.5 (d, J = 3.6 Hz), 16.4 (d, J = 3.6 Hz), -5.42 (2); 31P NMR (CDCl3, 

160 MHz) δ 9.87; HRMS (CI) m/z calcd for C20H35O4PSi [M+H]+ 399.2121, found 

399.2116. 

Cycloadduct 36h (Table 2.5, entry 8). Following the above general 

procedure (B) with alkyne 32h (44.9 mg, 0.18 mmol), norbornadiene 

2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (5.0 mg, 0.13 mmol).  

The crude product was purified by column chromatography (EtOAc:hexanes 3:2) to 

provide 36h as a yellow oil (5.1 mg, 0.015 mmol, 8%): Rf  0.31 (EtOAc:hexanes 3:2); IR 

(CH2Cl2, NaCl) 2983 (s), 2927 (s), 1614 (m), 1485 (w), 1265 (s), 1163(s), 1054 (s), 974 

(m), 868 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.52 (br d, 1H, J = 7.4 Hz), 7.22-7.15 (m, 

3H), 6.20 (dd, 1H, J = 3.0, 5.4 Hz), 6.14 (dd, 1H, J = 3.1 , 5.4 Hz), 4.06-3.91 (m, 4H), 

2.91 (t, 1H, J = 4.5 Hz), 2.75 (s, 1H), 2.59 (d, 1H, J = 3.6 Hz), 2.53 (s, 1H), 2.43 (s, 3H), 
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1.61 (d, 1H, J = 9.4 Hz), 1.39 (d, 1H, J = 9.4 Hz), 1.25-1.16 (m, 6H); 13C NMR (APT, 

CDCl3, 100 MHz) δ 163.8 (d, J = 6.8 Hz), 136.3, 135.9, 135.3, 132.5 (d, J = 179.1 Hz), 

130.4, 129.4 (d, J = 1.2 Hz), 128.9, 125.6, 61.6 (d, J = 5.9 Hz), 61.5 (d, J = 5.7 Hz), 49.2 

(d, J = 31.7 Hz), 43.6 (d, J = 9.7 Hz), 39.9, 39.8, 38.5, 20.8, 16.3, (d, J = 6.3 Hz), 16.2 (d, 

J = 6.2 Hz); 31P NMR (CDCl3, 160 MHz) δ 9.76; HRMS (CI) m/z calcd for C20H25O3P 

[M+H]+ 345.1620, found 345.1627. 

Cycloadduct 36i (Table 2.5, entry 9). Following the above 

general procedure (B) with alkyne 32i (41.7 mg, 0.16 mmol), 

norbornadiene 2 (0.4 mL, 3.94 mmol) and Cp*RuCl(COD) 16 (5.2 

mg, 0.014 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 3:2) to provide 34i as a yellow oil (45.8 mg, 0.13 mmol, 83%): Rf  0.44 

(EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 2977 (m), 1611 (m), 1509 (m), 1243 (s), 1024 

(s), 960 (s), 823 (m) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.80 (d, 2H, J = 8.1 Hz), 7.19 (d, 

2H, J = 7.9 Hz), 6.18 (br t, 2H, J = 1.3 Hz), 4.15-4.07 (m, 4H), 2.77 (t, 1H, J = 4.7 Hz), 

2.70 (s, 2H, 2.51 (d, 1H, J = 3.6 Hz), 2.36 (s, 3H), 1.46(d, 1H, J = 9.4 Hz), 1.34 (d, 1H, J 

= 9.3 Hz), 1.32 (td, 6H, J = 1.2, 7.1 Hz); 13C NMR (APT, CDCl3, 100 MHz) δ 161.4 (d, J = 

8.5 Hz), 140.0, 136.1, 135.2, 129.8 (d, J = 1.1 Hz), 129.2, 127.9, 127.0 (d, J = 8.9 Hz), 

61.5 (d, J = 3.0 Hz), 61.4 (d, J = 3.1 Hz), 45.0 (d, J = 31.8 Hz), 43.3 (d, J = 8.9 Hz), 39.6, 

39.3, 38.9, 21.5, 16.44 (d, J = 3.8 Hz), 16.38 (d, J = 3.6 Hz); 31P NMR (CDCl3, 160 MHz) 

δ 10.93; HRMS (CI) m/z calcd for C20H25O3P [M+H]+ 345.1620, found 345.1626. 

Cycloadduct 36j (Table 2.5, entry 10). Following the above 

general procedure (B) with alkyne 32 (224 mg, 0.83 mmol), 

norbornadiene 2 (0.7 mL, 6.89 mmol) and Cp*RuCl(COD) 16 

(7.6 mg, 0.02 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 3:2) to provide 36j as a dark yellow oil (239 mg, 0.66 mmol, 80%): Rf  
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0.52 (EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 3057 (w), 2976 (m), 1606 (s), 1508 (s), 

1255 (s), 1178 (m), 1026 (s), 961 (m) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.86 (dt, 2H, J 

= 2.3, 8.8 Hz), 6.90 (dt, 2H, J = 2.4, 8.8 Hz), 6.18 (br s, 2H), 4.14-4.04 (m, 4H), 3.82 (s, 

3H), 2.74 (t, 1H, J = 4.7 Hz), 2.69 (s, 2H), 2.49 (d, 1H, J = 3.7 Hz), 1.46 (d, 1H, J = 9.2 

Hz), 1.34 (d, 1H, J = 9.3 Hz), 1.32 (td, 6H, J = 1.5, 7.0 Hz); 13C NMR (APT, CDCl3, 100 

MHz) δ 161.1 (d, J = 9.0 Hz), 136.7, 135.2, 129.6 (2), 125.6 (d, J = 1.0 Hz), 125.0 (d, J = 

181.4 Hz), 113.8 (2), 61.4 (d, J = 4.6 Hz), 61.3 (d, J = 4.6 Hz), 55.3, 44.9 (d, J = 32.1 

Hz), 46.1 (d, J = 8.8 Hz), 39.7, 39.3, 38.9, 16.4 (d, J = 4.2 Hz), 16.3 (d, J = 4.2 Hz); 31P 

NMR (CDCl3, 160 MHz) δ 11.38; HRMS (ESI) m/z calcd for C20H25O4P [M+H]+ 361.1583, 

found 361.1569. 

Cycloadduct 36k (Table 2.5, entry 11). Following the above 

general procedure (B) with alkyne 32k (212 mg, 0.83 mmol), 

norbornadiene 2 (0.7 mL, 6.89 mmol) and Cp*RuCl(COD) 16 

(7.6 mg, 0.02 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 3:2) to provide 36k as a brown oil (223 mg, 0.65 mmol, 78%): Rf  0.39 

(EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 3172 (s), 2976 (s), 1739 (m), 1603 (s), 1504 (s), 

1233 (s), 1024 (s), 790 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.21 (t, 1H, J = 8.0 Hz) 

7.04-7.02 (m, 2H), 6.89 (br d, 1H, J = 8.0 Hz) 6.50 (s, 1H), 6.20-6.16 (m, 2H), 5.84 (d, 

1H, J = 9.0 Hz), 4.24-4.05 (m, 4H), 2.68 (d, 1H, J = 3.5 Hz), 2.62 (s, 1H), 2.48 (s, 1H), 

2.38 (d, 1H, J = 3.5 Hz), 1.47 (d, 1H, J = 8.6 Hz), 1.34-1.31 (m, 7H); 13C NMR (APT, 

CDCl3, 100 MHz) δ 148.4, 139.8, 136.5, 135.4, 135.0, 130.0, 129.3, 118.4, 116.6, 113.6, 

62.8 (d, 2C, J = 4.2 Hz), 45.1, 42.4, 39.9, 39.3, 38.2, 16.1 (d, 2C, J = 6.7 Hz); 31P NMR 

(CDCl3, 160 MHz) δ 1.84; HRMS (CI) m/z calcd for C19H25NO3P [M+H]+ 346.1572, found 

346.1578. 
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Cycloadduct 36l (Table 2.5, entry 12). Following the above 

general procedure (B) with alkyne 32l (214 mg, 0.83 mmol), 

norbornadiene 2 (0.7 mL, 6.89 mmol) and Cp*RuCl(COD) 16 (7.6 

mg, 0.02 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 1:1) to provide 36l as a dark yellow oil (257 mg, 0.74 mmol, 89%): Rf  

0.42 (EtOAc:hexanes 1:1); IR (CH2Cl2, NaCl) 3058 (m), 2979 (s), 1579 (s), 1479 (s), 

1444 (s), 1245 (s), 1024 (s), 964 (m) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.68 (d, 1H, J = 

7.7 Hz), 7.64 (dt, 1H, J = 2.0, 10.0 Hz), 7.34 (td, 1H, J = 6.0, 7.9 Hz), 7.03 (td, 1H, J = 

2.3, 8.3 Hz), 6.18 (br s, 2H), 4.18-4.06 (m, 4H), 2.75 (t, 1H, J = 4.5 Hz), 2.70 (br s, 2H), 

2.52 (d, 1H, J = 3.4 Hz), 1.43 (d, 1H, J = 9.4 Hz), 1.36 (d, 1H, J = 9.6 Hz), 1.32 (t, 6H, J 

= 7.1 Hz); 13C NMR (APT, CDCl3, 75 MHz) δ 162.7 (d, J = 245.9 Hz), 159.8 (d, J = 7.8 

Hz), 136.0, 135.2, 134.5 (d, J = 7.5 Hz), 130.5 (d, J = 181.0 Hz), 130.0 (d, J = 8.2 Hz), 

123.6, 116.5 (d, J = 21.4 Hz), 114.5 (d, J = 22.1 Hz), 61.6 (d, J = 3.0 Hz), 45.1 (d, J = 

31.5 Hz), 43.5 (d, J = 8.6 Hz), 39.5, 39.1, 38.8, 16.4 (d, J = 2.7 Hz), 16.3 (d, J = 2.5 Hz); 

31P NMR (CDCl3, 160 MHz) δ 10.59; HRMS (CI) m/z calcd for C19H22O3FP [M+H]+ 

349.1369, found 349.1361. 

Cycloadduct 36m (Table 2.5, entry 13). Following the above 

general procedure (B) with alkyne 32m (204 mg, 0.83 mmol), 

norbornadiene 2 (0.7 mL, 6.89 mmol) and Cp*RuCl(COD) 16 (7.6 

mg, 0.02 mmol).  The crude product was purified by column chromatography 

(EtOAc:hexanes 1:1) to provide 36m as a yellow oil (170 mg, 0.54 mmol, 65%): Rf  0.49 

(EtOAc:hexanes 1:1); IR (CH2Cl2, NaCl) 3083 (w), 2977 (s), 1611 (s), 1390 (m), 1248 

(s), 1024 (s), 962 (s) cm-1; 1H NMR (CDCl3, 300 MHz) δ 7.87 (br d, 1H, J = 2.9 Hz), 7.70 

(dd, 1H, J = 1.5, 5.0 Hz), 7.28 (dd, 1H, J = 2.9, 5.0 Hz), 6.17 (br s, 2H), 4.14-4.04 (m, 

4H), 273-2.68 (m, 3H), 2.52 (d, 1H, J = 3.7 Hz), 1.47 (d, 1H, J = 9.4 Hz), 1.37 (d, 1H, J = 
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9.4 Hz), 1.32 (t, 6H, J = 6.9 Hz); 13C NMR (APT, CDCl3, 75 MHz) δ 156.3 (d, J = 8.4 Hz), 

136.1, 135.25, 135.18, 127.4, 127.0, 125.8, 125.7 (d, J = 181.3 Hz), 61.5 (d, J = 3.2 Hz), 

61.4 (d, J = 3.3 Hz), 45.6 (d, J = 31.7 Hz), 43.9 (d, J = 9.0 Hz), 39.7, 39.2, 38.7, 16.4 (d, 

J = 3.4 Hz), 16.3 (d, J = 3.4 Hz); 31P NMR (CDCl3, 160 MHz) δ 11.71; HRMS (CI) m/z 

calcd for C17H21O3PS 336.0949, found 336.0880. 

5.3.3. Ru-catalyzed [2+2] cycloaddition of 32a with bicyclic alkenes 

X
R2

R2
+

Ph

X
R2

R2 Ph

Cp*RuCl(COD) (5%)
dioxane

100 oC, 240 h
1, 3, 37b-h 38a-f32a
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Cycloadduct 38a (Table 2.6, entry 2). Following the above general 

procedure (C) with alkene 1 (74 mg, 0.79 mmol), alkyne 32a (40.5 

mg, 0.17 mmol), Cp*RuCl(COD) 16 (5.3 mg, 0.014 mmol) and 

dioxane (0.5 mL) The crude product was purified by column chromatography 

(EtOAc:hexanes 3:2) to provide 38a as a light brown oil (41 mg, 0.12 mmol, 73 %): Rf  

0.56 (EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 2954 (s), 1607 (m), 1491 (m), 1448 (m), 

1243 (s), 1163 (w), 1052 (s), 963 (s) cm-1; 1H NMR (CDCl3, 300 MHz) δ 7.84 (br d, 2H, J 

= 7.6 Hz), 7.38-7.32 (m, 3H), 4.17-4.05 (m, 4H), 2.94 (br t, 1H, J = 4.6 Hz), 2.67 (d, 1H, J 

= 3.3 Hz), 2.23 (br s, 2H), 1.64 (br s, 1H), 1.62 (br s, 1H), 1.50 (d, 1H, J = 10.4 Hz), 1.31 

(t, 6H, J = 7.0 Hz), 1.19 (d, 1H, J = 2.2 Hz), 1.16 (d, 1H, J = 2.2 Hz), 1.07 (d, 1H, J = 

10.4 Hz); 13C NMR (APT, CDCl3, 75 MHz) δ 159.2 (d, J = 7.1 Hz), 132.7, 129.5, 128.4 

(2), 127.8 (2), 126.7 (d, J = 176.8 Hz), 61.5 (d, 2C, J = 5.2 Hz), 49.1 (d, J = 29.5 Hz), 

47.5 (d, J = 7.1 Hz), 34.5 (2), 30.5, 28.2, 28.1, 16.4 (d, 2C, J = 6.6 Hz); 31P NMR (CDCl3, 

160 MHz) δ 10.04; HRMS (ESI) m/z calcd for C19H25O3P [M+H]+ 33.1620, found 

33.1635. 
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Cycloadduct 38b (Table 2.6, entry 3). Following the 

above general procedure (C) with alkene 37b (39.2 mg, 

0.16 mmol), alkyne 32a (73.6 mg, 0.35 mmol), 

Cp*RuCl(COD) 16 (5.6 mg, 0.15 mmol) and dioxane (0.5 mL). The crude product was 

purified by column chromatography (EtOAc:hexanes 7:3) to provide 38b as a yellow oil 

(65 mg, 0.15 mmol, 88%): Rf  0.41 (EtOAc:hexanes 7:3); IR (CH2Cl2, NaCl) 2987 (s), 

2207 (m), 1642 (m), 1444 (s), 1251 (s), 1164 (s), 1055 (s), 800 (m) cm-1; 1H NMR 

(CDCl3, 300 MHz) δ 7.91 (br d, 2H, J = 7.7 Hz), 7.42-7.35 (m, 3H), 4.12 (qd,, 4H, J = 2.7, 

7.3 Hz), 3.81 (s, 3H), 3.79 (s, 3H), 3.17-3.12 (m, 3H), 2.87 (d, 1H, J = 3.5 Hz), 1.66 (s, 

2H), 1.32 (td, 6H, J = 1.9, 7.0 Hz); 13C NMR (APT, CDCl3, 75 MHz) δ 165.1, 164.9, 159.6 

(d, J = 8.6 Hz), 145.3, 143.6, 131.7, 130.2, 128.6 (2), 127.9 (2), 127.4 (d, J = 181.7 Hz), 

61.8 (d, J = 5.4 Hz), 61.7 (d, J = 5.6 Hz), 52.08, 52.06, 44.9 (d, J = 31.3 Hz), 46.5 (d, J = 

8.6 Hz), 43.4, 42.5, 39.1, 16.4 (d, J = 6.1 Hz), 16.3 (d, J = 6.2 Hz); 31P NMR (CDCl3, 160 

MHz) δ 10.10; HRMS (CI) m/z calcd for C23H27O7P [M+H]+ 447.1573, found 447.1575. 

Cycloadduct 38c (Table 2.6, entry 4). Following the 

above general procedure (C) with alkene 37c (73.4 mg, 

0.35 mmol), alkyne 32a (45.0 mg, 0.19 mmol), 

Cp*RuCl(COD) 16 (5.1 mg, 0.013 mmol) and dioxane (0.5 mL). The crude product was 

purified by column chromatography (EtOAc:hexanes 3:2) to provide 38c as a yellow oil 

(30 mg, 0.068 mmol, 36%): Rf  0.23 (EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 2955 (s), 

1731 (s), 1633 (m), 1436 (s), 1247 (s), 1121 (s), 1022 (s), 968 (s) cm-1; 1H NMR (CDCl3, 

600 MHz) δ 7.90 (d, 2H, J = 6.9 Hz), 7.44-7.39 (m, 3H), 5.043 (s, 1H), 5.036 (s, 1H), 

4.17-4.08 (m, 4H), 3.87 (s, 3H), 3.84 (s, 3H), 3.28 (br s, 1H), 3.01 (br s, 1H), 1.35-1.29 

(m, 6H); 13C NMR (APT, CDCl3, 150 MHz) δ 162.8, 162.7, 158.5 (d, J = 8.1 Hz), 143.7, 

142.5, 131.4, 130.5, 128.7 (2), 127.8 (2), 126.5 (d, J = 183.2 Hz), 78.4, 77.9, 62.0 (d, J = 
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4.8 Hz), 61.9 (d, J = 5.1 Hz), 52.5 (d, J = 8.2 Hz), (d, J = 29.7 Hz), 43.1, 43.0, 16.4 (d, J 

= 6.6 Hz), 16.3 (d, J = 6.6 Hz); 31P NMR (CDCl3, 160 MHz) δ 8.98; HRMS (CI) m/z calcd 

for C22H25O8P [M+H]+ 449.1365, found 449.1351. 

Cycloadduct 38d (Table 2.6, entry 5). Following the above 

general procedure (C) with alkene 37d (65.5 mg, 0.48 mmol), 

alkyne 32a (44.7 mg, 0.19 mmol), Cp*RuCl(COD) 16 (2.5 mg, 

0.007 mmol) and dioxane (0.5 mL). The crude  product was purified by column 

chromatography (EtOAc:hexanes 3:2) to provide 38d as a pale yellow oil (33 mg, 0.087 

mmol, 46%): Rf  0.60 (EtOAc:hexanes 7:3); IR (CH2Cl2, NaCl) 2977 (m), 1607 (w), 1491 

(w), 1390 (w), 1241 (m), 1023 (s), 965 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.99-7.97 

(m, 2H), 7.46-7.38 (m, 3H), 7.30-7.24 (m, 2H), 7.12-7.10 (m, 2H), 4.21-4.10 (m, 4H), 

3.26 (s, 1H), 3.25 (s, 1H), 2.98 (br t, 1H, J = 3.9 Hz), 2.72 (d, 1H, J = 3.6 Hz), 1.90 (d, 

1H, J = 10.0 Hz), 1.76 (d, 1H, J = 9.9 Hz), 1.37 (t, 3H, J = 6.9 Hz), 1.34 (t, 3H, J = 7.1 

Hz); 13C NMR (APT, CDCl3, 100 MHz) δ 159.7 (d, J = 8.0 Hz), 147.2, 146.8, 132.3 (d, J 

= 1.4 Hz), 130.0, 128.5 (2), 128.0 (2), 127.3 (d, J = 179.9 Hz), 125.8, 125.7, 121.6, 

121.3, 61.7 (d, J = 4.7 Hz), 61.6 (d, J = 4.7 Hz), 47.2 (d, J = 30.7 Hz), 45.6 (d, J = 7.7 

Hz), 41.4, 41.1, 40.7, 16.5 (d, J = 6.7 Hz), 16.4 (d, J = 6.7 Hz); 31P NMR (CDCl3, 160 

MHz) δ 9.98; HRMS (CI) m/z calcd for C23H25O3P [M+H]+ 381.1620, found 381.1610. 

Cycloadduct 38e (Table 2.6, entry 6). Following the above 

general procedure (C) with alkene 3 (63.9 mg, 0.44 mmol), 

alkyne 32a (41.6 mg, 0.17 mmol), Cp*RuCl(COD) 16 (6.0 mg, 

0.16 mmol) and dioxane (0.5 mL). The crude product was purified by column 

chromatography (EtOAc:hexanes 1:1) to provide 38e as a brown oil (64 mg, 0.16 mmol, 

96%): Rf  0.42 (EtOAc:hexanes 1:1); IR (CH2Cl2, NaCl) 2983 (m), 1610 (w), 1492 (w), 

1391 (w), 1245 (m), 1022 (s), 966 (s) cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.95 (d, 2H, J = 

P
O

OEt
OEt

Ph
38f
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O
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OEt
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7.0 Hz), 7.47-7.32 (m, 5H), 7.23-7.20 (m, 2H), 5.18 (s, 1H), 5.17 (s, 1H), 4.24-4.12 (m, 

4H), 3.15 (br t, 1H, J = 4.1 Hz), 2.90 (d, 1H, J = 3.5 Hz), 1.35 (t, 6H, J = 7.0 Hz); 13C 

NMR (APT, CDCl3, 75 MHz) δ 158.8 (d, J = 8.0 Hz), 144.3, 144.1, 132.0, 130.2, 128.7 

(2), 127.7 (2), 127.0, 126.9, 126.5 (d, J = 183.3 Hz), 120.0, 119.7, 76.2, 75.9, 62.0 (d, J 

= 4.8 Hz), 61.8 (d, J = 4.6 Hz), 47.0 (d, J = 29.8 Hz), 45.5 (d, J = 9.3 Hz), 16.4 (d, J = 6.5 

Hz), 16.3 (d, J = 6.6 Hz); 31P NMR (CDCl3, 160 MHz) δ 10.28; HRMS (CI) m/z calcd for 

C22H23O4P [M+H]+ 383.1412, found 383.1405. 

Cycloadduct 38f (Table 2.6, entry 6). Following the 

above general procedure (C) with alkene 37f (60.0 mg, 

0.25 mmol), alkyne 32a (42.9 mg, 0.18 mmol), 

Cp*RuCl(COD) 16 (5.1 mg, 0.013 mmol) and dioxane (0.5 mL). The crude product was 

purified by column chromatography (EtOAc:hexanes 3:2) to provide 38f as a yellow oil 

(34 mg, 0.070 mmol, 39%): Rf  0.54 (EtOAc:hexanes 3:2); IR (CH2Cl2, NaCl) 2984 (m), 

1612 (m), 1491 (m), 1448 (m), 1238 (s), 1164 (m), 1022 (s), 829 (s) cm-1; 1H NMR 

(CDCl3, 400 MHz) δ 8.79-8.74 (m, 2H), 8.04-7.98 (m, 4H), 7.71-7.69 (m, 4H), 7.53-7.44 

(m, 3H), 5.79 (s, 2H), 4.29-4.19 (m, 4H), 3.21 (br t, 1H, J = 4.0 Hz), 2.96 (d, 1H, J = 3.3 

Hz), 1.41 (t, 3H, J = 7.0 Hz), 1.39 (t, 3H, J = 7.0 Hz); 13C NMR (APT, CDCl3, 100 MHz) δ 

159.2 (d, J = 8.6 Hz), 139.8, 139.4, 132.1, 1303, 130.1, 128.7 (2), 127.8 (2), 127.2 (d, J 

= 181.2 Hz), 127.0 (2), 126.4, 126.3, 126.1, 126.0, 124.2, 123.9, 123.7, 123.6, 75.9, 

75.6, 62.1 (d, J = 4.9 Hz), 61.8 (d, J = 4.9 Hz), 47.2 (d, J = 29.7 Hz), 46.0 (d, J = 9.4 Hz), 

16.4 (d, 2C, J = 6.5 Hz); 31P NMR (CDCl3, 160 MHz) δ 9.59; HRMS (CI) m/z calcd for 

C30H27O4P [M+H]+ 483.1725, found 483.1725. 
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5.4. Chapter 3: Microwave assisted Ru-catalyzed [2+2] cycloaddition 

O

+
Cp*RuCl(COD) (5%)

NMP, 180 oC, 100 W

32a
38e3 Ph

P O P

Ph

O OEt
OEt O

OEt
OEt

2h
 

A mixture bicyclic alkene 3 (66.2 mg, 0.460 mmol), and alkynyl phosphonate 31a 

(39.4 mg, 0.165 mmol) in NMP (0.5 mL) was prepared in an oven dried screw-cap vial. 

The vial was purged with nitrogen and taken into the drybox where it was transferred into 

a microwave reaction vessel. Cp*RuCl(COD) 16 (4.8 mg, 0.013 mmol) was weighed out 

and added to the vessel which was then closed with the air-tight cap. The reaction 

mixture was heated by 100 W of microwave radiation (with stirring, and high pressure air 

cooling) for 2 h, reaching a temperature of 180 °C. The crude product, including the 

solvent, was purified by flash chromatography (EtOAc:hexanes 1:1) to provide 38e as a 

brown oil (43.5 mg, 0.114 mmol, 69%): Rf  0.42 (EtOAc:hexanes 1:1). The resultant 

spectra were identical to those previously reported (Section 5.3.3). 

5.5. Chapter 4: Ru-catalyzed [2+2+2] HDA cycloaddition 

+ PPh

PPh

O
OEt

OEt O

OEtEtO

NMP, 160 oC, 2 h

2 32a 48

Cp*RuCl(COD)

 

A mixture of norbornadiene 2 (63.0 mg, 0.685 mmol), and alkynyl phosphonate 32a 

(44.6 mg, 0.187 mmol) was prepared in an oven dried screw-cap vial. The vial was 

purged with nitrogen and taken into the drybox where Cp*RuCl(COD) 16 (4.1 mg, 

0.011mmol) was weighed out and added and the vial sealed. The reaction mixture was 

stirred outside the glove box at 160 °C for 2 h. The crude product was purified by flash 

chromatography (EtOAc:hexanes 1:1) to provide 48 as a yellow oil (54.0 mg, 0.166 
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mmol, 89%): Rf  0.31 (EtOAc:hexanes 3:2). IR (CH2Cl2, NaCl) 2979 (m), 2927 (m), 1491 

(w), 1239 (m), 1165 (w), 1026 (s), 961 (s), 763 (m) cm-1; 1H NMR (CDCl3, 400 MHz) δ 

7.53 (br d, 2H, J = 6.9 Hz), 7.36-7.25 (m, 3H), 3.98-3.81 (m, 4H), 3.10 (s, 1H), 3.00 (s, 

1H), 2.25 (s, 1H), 1.81 (br t, 1H, J = 4.2 Hz), 1.63-1.58 (m, 4H), 1.15 (t, 3H, J = 7.0Hz), 

1.10 (t, 3H, J = 7.0 Hz); 13C NMR (APT, CDCl3, 100 MHz) δ 163.0 (d, J = 11.1Hz), 136.3 

(d, J = 4.0 Hz), 128.3 (d, J = 193.4 Hz), 128.2, 128.1 (2), 127.8 (2), 61.5 (d, J = 5.4 Hz), 

61.2 (d, J = 5.5 Hz), 56.3 (d, J = 6.2 Hz), 56.2 (d, J = 3.7 Hz), 53.4 (d, J = 12.0 Hz), 32.6, 

25.7, 23.8, 23.3 (d, J = 3.2 Hz), 16.2 (d, J = 6.0 Hz), 16.1 (d, J = 6.0 Hz); 31P NMR 

(CDCl3, 160 MHz) δ 17.79; HRMS (CI) m/z calcd for C19H23O3P [M+H]+ 331.1463, found 

331.1456. 
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Appendix 1.  NMR Studies 
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A1.1. Example Spectra 

Alkyne 32a 1H and 13C NMR spectra: 

 

 

 

400 MHz 1H NMR spectrum in CDCl3 

100 MHz 13C-APT NMR spectrum in CDCl3 
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O

OEt
OEt

32a
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Cycloadduct 32i 1H and 13C NMR spectra: 

 

 

 

P
O

OEt
OEt

32i

400 MHz 1H NMR spectrum in CDCl3 

100 MHz 13C-APT NMR spectrum in CDCl3 
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Adduct 48 1H and 13C NMR spectra: 

 

 

 100 MHz 13C-APT NMR spectrum in CDCl3 

400 MHz 1H NMR spectrum in CDCl3 

PPh
O
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Alkyne 32a decoupled 31P NMR spectrum: 

 

 

Cycloadduct 48 1H decoupled and coupled 31P NMR spectra: 

 

 

P
O

OEt
OEt

32a

PPh
O

OEtEtO48

160 MHz 31P-1H coupled NMR spectrum in CDCl3 (broader) 

160 MHz 31P-1H decoupled NMR spectrum in CDCl3 

160 MHz 31P-1H decoupled NMR spectrum in CDCl3 
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A1.2. 2D NMR of cycloadduct 48 

 

 
400 MHz HSQCGP NMR spectrum in CDCl3 (aromatic region truncated) 

400 MHz COSY NMR spectrum in CDCl3 (aromatic region truncated) 
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A1.3. Quantitative 31P NMR Study 

First, a set of control experiments were conducted in which a known amount of 

P(OMe)3 (141 ppm) and 48 (17.1 ppm) were combined in as close to a 1:1 ratio as 

possible, with accurate masses of each component measured. The decoupled 31P NMR 

spectrum was acquired and the peaks were integrated. This was also performed with the 

starting alkyne 32a. As seen in Table A1.1 there is only around 5% error between the 

various control experiments. This was deemed to be sufficiently for the purposes of 

optimization and within the realm of flash chromatography error. Therefore the 

integration of the standard and product could be used without a correction factor.  

When the reactions in Chapter 4 were completed, approximately a 1:1 mole ratio of 

standard P(OMe)3 was added (measured by weight) to the crude mixture and stirred in 

(to ensure homogeneity). 31P NMR spectra of the crude were then taken and the known 

molar amount of standard yielded the molar amount of 48 present in the crude (by 

integration). This in turn was compared to the molar amount of starting material initially 

employed in the reaction to determine the yield of cycloadduct. 

  

Table A1.1: Control experiments for quantitative 31P NMR studies. 

Entry Control 
species 

Mass of 
species 

Mass of 
P(OMe)3 

Molar ratio  Molar ratio 
by NMR 

1 32a 43.5 23.0 0.98:1 0.93:1 

2 32a 43.2 19.6 1.14:1 1.07:1 

3 48 42.1 18.3 0.87:1 0.91:1 

4 48 42.1 18.3 0.87:1 0.92:1 
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Appendix 2.  Gaussian Input 
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Example Gaussian Input for Alkyne 32a:  

# opt freq b3lyp/6-31g(d) geom=connectivity pop=npa 
 
Diethyl phenylethynylphosphonate 
 
0 1 
 C 
 C                  1              B1 
 C                  2              B2    1              A1 
 C                  3              B3    2              A2    1              D1 
 C                  4              B4    3              A3    2              D2 
 C                  1              B5    2              A4    3              D3 
 H                  1              B6    6              A5    5              D4 
 H                  2              B7    1              A6    6              D5 
 H                  4              B8    3              A7    2              D6 
 H                  5              B9    4              A8    3              D7 
 H                  6             B10    1              A9    2              D8 
 C                  3             B11    2             A10    1              D9 
 C                  3             B12    2             A11    1             D10 
 P                  3             B13    2             A12    1             D11 
 O                 14             B14    3             A13    2             D12 
 O                 14             B15    3             A14    2             D13 
 O                 14             B16    3             A15    2             D14 
 C                 15             B17   14             A16    3             D15 
 H                 18             B18   15             A17   14             D16 
 H                 18             B19   15             A18   14             D17 
 C                 18             B20   15             A19   14             D18 
 H                 21             B21   18             A20   15             D19 
 H                 21             B22   18             A21   15             D20 
 H                 21             B23   18             A22   15             D21 
 C                 16             B24   14             A23    3             D22 
 H                 25             B25   16             A24   14             D23 
 H                 25             B26   16             A25   14             D24 
 C                 25             B27   16             A26   14             D25 
 H                 28             B28   25             A27   16             D26 
 H                 28             B29   25             A28   16             D27 
 H                 28             B30   25             A29   16             D28 
 
   B1             1.39516000 
   B2             1.39471206 
   B3             1.39542701 
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   B4             1.39482508 
   B5             1.39482907 
   B6             1.09961031 
   B7             1.09965530 
   B8             1.09968011 
   B9             1.09976099 
   B10            1.09960403 
   B11            1.54000000 
   B12            2.74120000 
   B13            4.61120000 
   B14            1.76000000 
   B15            1.76000000 
   B16            1.76000000 
   B17            1.43000000 
   B18            1.07000000 
   B19            1.07000000 
   B20            1.54000000 
   B21            1.07000000 
   B22            1.07000000 
   B23            1.07000000 
   B24            1.43000000 
   B25            1.07000000 
   B26            1.07000000 
   B27            1.54000000 
   B28            1.07000000 
   B29            1.07000000 
   B30            1.07000000 
   A1           120.00863221 
   A2           119.99416459 
   A3           119.99399231 
   A4           119.99845680 
   A5           120.00431986 
   A6           119.98077039 
   A7           119.98114211 
   A8           120.01134336 
   A9           120.00799702 
   A10          120.01279489 
   A11          120.01279489 
   A12          120.01279489 
   A13          109.47120255 
   A14          109.47123134 
   A15          109.47120255 
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   A16          109.50000006 
   A17          109.47120255 
   A18          109.47123134 
   A19          109.47120255 
   A20          109.47120255 
   A21          109.47120255 
   A22          109.47123134 
   A23          109.50000006 
   A24          109.47120255 
   A25          109.47123134 
   A26          109.47120255 
   A27          109.47120255 
   A28          109.47120255 
   A29          109.47123134 
   D1            -0.05684321 
   D2             0.03411439 
   D3             0.03234809 
   D4          -179.97984142 
   D5           179.95324796 
   D6          -179.99643617 
   D7          -180.00000000 
   D8           179.98917535 
   D9           179.96185208 
   D10          179.96185208 
   D11          179.96185208 
   D12          129.32158518 
   D13            9.32159258 
   D14         -110.67840002 
   D15         -179.64253366 
   D16         -175.96126960 
   D17          -55.96127700 
   D18           64.03871560 
   D19          -97.26744993 
   D20           22.73256486 
   D21          142.73255746 
   D22         -151.78114105 
   D23         -136.94410405 
   D24          -16.94411145 
   D25          103.05588115 
   D26          135.66066421 
   D27         -104.33932100 
   D28           15.66067161 
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 1 2 1.5 6 1.5 7 1.0 
 2 3 1.5 8 1.0 
 3 4 1.5 12 1.0 
 4 5 1.5 9 1.0 
 5 6 1.5 10 1.0 
 6 11 1.0 
 7 
 8 
 9 
 10 
 11 
 12 13 3.0 
 13 14 1.0 
 14 15 1.0 16 1.0 17 1.0 
 15 18 1.0 
 16 25 1.0 
 17 
 18 19 1.0 20 1.0 21 1.0 
 19 
 20 
 21 22 1.0 23 1.0 24 1.0 
 22 
 23 
 24 
 25 26 1.0 27 1.0 28 1.0 
 26 
 27 
 28 29 1.0 30 1.0 31 1.0 
 29 
 30 
 31 

 

 


