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Tiffany Hecnar 

Lakehead University

ABSTRACT 

Synthesis and Reactivity 

of

Enediynes

Supervisor: 

Dr. Christine Gottardo

The discovery of a class natural products with anti-cancer properties, the enediynes, has 

stimulated interest in their research. Due to their cytotoxicity, these compounds are not feasible 

for use in cancer treatment, however, synthetic work has centered around improved stability, 

reduced toxicity and elucidation o f the mechanism o f the Bergman cyclization reaction.

Protocols utilizing palladium-catalysed cross coupling reactions have been used extensively in 

the synthesis o f enediyne analogues. Little work to date has investigated the effect of 

heteroatoms on the success o f coupling reactions, thermd Bergman cyclizations and 

photochemically induced cyclizations. In this thesis, a synthetic study involving the coupling 

reactions of nitrogenous aromatic halides, halotriflates and a series of alkynes will be presented. 

Several enediyne analogues were synthesized in moderate to high yields, isolated and 

characterized. In general, it was observed that nitrogen heteroatoms increase the reactivity 

toward Sonogashira coupling reactions. In order to examine the effect o f resonance and 

inductive effects on the reactivity under Sonogashira conditions, a series o f competitive reactions 

between m- or ̂ -substituted aryl iodides and iodobenzene were performed. In general, electron 

withdrawing substituents in the w-and /?-positions increased the reactivity, while electron
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donating substituents decreased it. It was observed that resonance effects have a larger effect on 

reactivity than inductive effects. Thermal and photochemical cyclization studies were performed 

for the nitrogenous aromatic enediynes synthesized. None o f the enediynes were observed to 

cyclize thermally, while only the TMS- and phenyl-substituted enediynes were observed to 

photochemically cyclize.
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CHAPTER ONE 

A REVIEW OF ENEDIYNE STRUCTURE AND REACTIVITY

1.1 Introduction

The discovery o f natural products and their possible applications often spark intense 

research. In the mid 1980s, a class o f compounds called the enediynes was isolated fi-om bacterial 

sources. They were found to possess antibiotic and anticancer functions, and were considered as 

potential anticancer drugs. This activity was a result of their irreversible and selective DNA 

cleaving ability. Unfortunately, these compounds are highly toxic, and too unstable for clinical 

applications.’’̂  Consequently, research has been directed towards design and synthesis o f enediyne 

analogues that retain the selectivity and efficiency o f the natural products, but are less toxic and 

more stable.^’̂ ’"'’̂ ’*’’’* A successful enediyne drug would possess a stable enediyne core that could 

be activated in a controlled manner, and be produced using a synthetically simple strategy.

1.2 Classes o f Naturallv Occurring Enedivnes

Natural enediyne antitumour antibiotics possess a characteristic core, consisting o f a 

conjugated (Z)-l,5-diyn-3-ene moiety, within the compound.^’̂  Five classes o f naturally occurring 

enediynes are known. Each class is structurally similar to the following five natural compounds 

(Figure 1);̂  calicheamicin, 1, dynemicin, 2, esperamicin, 3, kedarcidin chromophore, 4, and C- 

1027 chromophore, 5. Similar reactivity is exhibited by the neocarzinostatin chromophore, 6, 

upon activation (Figure 2).  ̂ Unlike the enediyne family, 6 contains an enyne-cumulene core.
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Figure P: Structures o f enediyne natural products.
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Figure 2̂ : Structure o f neocarzinostatin.

In naturally occurring enediynes, the enediyne core is contained within a nine- or ten- 

membered ring.  ̂ O f the two ring sizes, only the ten membered rings are stable. Molecular 

components within the compound act to stabilize the enediyne until it has reached the target DNA 

and is biologically activated. The nine membered enediyne rings are not stable individually, and 

derive thermal stability from the non-covalent interactions via association with apoproteins. In 

addition, the apoprotein functions to direct the enediyne to the DNA target.  ̂'® Characteristically, 

enediynes contain three moieties that are essential to their function. Firstly, a delivery system 

ensures that the compound penetrates cellular membranes and intercalates between the minor 

grooves o f the DNA. Secondly, a triggering device activates the highly strained diacetylenic ring 

system to perform the third function, a Bergman cyclization reaction.^’̂  Activation can be 

triggered by bioreductions or isomerizations that can occur with light," bases,*  ̂metal ions," or 

nucleophiles.'’"
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1.2.1 Mode o f Action

Enediynes are interesting as potential drugs because they require activation before they are 

biologically active and, therefore, are considered prodrugs. -̂  ̂" Extremely potent anticancer 

antibiotics, natural product enediynes have been shown to be cytotoxic in concentrations as low as 

picomolar." Potentially this cytotoxicity can be minimized through drug design, so that a specific 

trigger is required and activation occurs only in designated cells. This would result in reduced 

cytotoxicity, and, thus, the toxic effects would not be seen in non-cancerous cells throughout the 

body.

The mode o f action is commonly accepted and, it is thought that DNA cleavage occurs in 

several stages.^’ A structural feature of the compound is recognized and directed to the nucleus 

where planar portions o f the enediyne drug intercalate in the minor groove o f the DNA. Through 

a series o f reactions, which depend on the identity o f the trigger portion o f the molecule, a 

conformational change in the enediyne moiety is induced and Bergman cyclization can occur 

(Scheme 1).̂ - The 1,4-benzenoid biradical that is generated abstracts two hydrogen

atoms from the phosphate backbone of DNA and causes either double or single strand damage, 

and ultimately induces cell death. '̂

Scheme 1̂

. /  \ . 2H /  \
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1.2.2. Thermal Bergman Cyclizations

Remarkably, the 1,4-benzenoid biradical had been observed and studied fifteen years prior 

to the discovery and elucidation o f natural product enediynes. Bergman et al. synthesized a 1,4- 

dehydrobenzene, 7, employing a unimolecular isomerization reaction o f cw-3-hexene-l,5-diyne 

with deuterium labels at the acetylenic positions, 7a (Scheme 2 )}’’ 7a underwent deuterium 

scrambling rapidly at 200°C, and subsequent NMR showed an even distribution of deuterium 

between the acetylenic and vinylic positions. The results required that the intermediate species 

possessed a C2  axis o f  symmetry. This strongly supported the proposed structure o f 7 as an 

intermediate.*’ Bergman trapped and characterized the proposedpam-benzyne biradical 

intermediate by repeating the experiment in the presence o f hydrogen donors, as shown in Scheme 

1.

Scheme 2”

H

H

H

H

7a 7b

Much work has been completed to elucidate the factors that control the kinetics o f the 

thermal Bergman cyclization. Two distinct theories have been proposed to explain the reactivity 

o f enediynes. In an attempt to rationalise the reactivity o f natural product enediynes, Nicolaou et 

al. examined a series o f  enediynes.’'* It was postulated that the reactivity towards Bergman
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cyclization was determined by the distance calculated and observed between the acetylenic 

carbons {cd). Scheme 2. A correlation between their respective stabilities and the cd  was 

observed. It was concluded that distances lower than 3.20 Â suffered spontaneous cyclization, 

and were termed transient intermediates (Scheme 2). Enediynes with cJbetween 3.20 and 3.31 Â 

cyclize at 25°C, while distances greater than 3.31 Â are known to be stable at 25°C. From this 

correlation it was concludecFthat enediyne thermal stability was a direct result o f cd  alone.

Nicolaou’s conclusions have been discussed greatly, and criticized for their limitations. 

Further calculations by Snyder have indicated that although cd  and reactivity are related in 

monocyclic systems, they do not apply consistently to more complex ring fused systems.’  ̂ This 

was concluded upon examination o f several sample systems. In related calculations, the transition 

state for cyclization was shown to possess 35% biradical character, lending support to Bergman’s 

proposed mechanism. As a result, Snyder proposed that fusion of additional rings introduces 

competitive strain components that are not related to the diminished kinetic barriers enjoyed by 

shorter cd  in monocyclic systems.’^

To support the previous work, Magnus et al. conducted kinetic studies on related 

enediynes to support the strain energy versus cd?^ Consideration of the kinetic data obtained led 

to the conclusion that the cyclization rates o f enediynes are governed by strain-energy modulation 

in the pseudocyclic transition state. From these extensive experimental determinations it was 

concluded that for fused ring systems, the rate o f cyclization is influenced much more strongly by 

ring strain energy rather than the proximity of the acetylenic carbons. Other studies reinforce this 

conelusion, ineluding an elegant comparison between eomputer modelled cd, rates and strain 

energy, and those determined by experiment, which found excellent eorrelation between
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theoretical and experimental values?’’̂ *

O f the three factors believed to be involved in the activity of an enediyne towards 

Bergman cyclization, two {cd and strain energy) have been discussed. The third factor is broadly 

referred to as electronic effects. Several aspects o f this category have been studied to date, 

including heteroatomic effects, solvent dependence, aryl ring substitutions, and acetylenic 

substitutions. In an attempt to elucidate how aromaticity and electronic factors influence the rate 

of cyclization, Kim et al. have synthesized several heteroatomic aromatic enediynes (8-10) and 

conducted some kinetic experiments.^^ It had been previously determined that non-aromatic 

enediynes have shorter half-lives than arenediynes, however, the influence o f the double bond has 

yet to be clarified.^  ̂ The data indicated that the position of electron-withdrawing substituents 

associated with the double bond appear to facilitate Bergman cyclization.^®’ '̂

0 CH3

10 11

Enediynes 8-10 were synthesized, their kinetics o f cyclization measured and their 

respective activation energies were calculated utilizing an Arrhenius relationship (rate of 

disappearance o f enediyne versus time). The data obtained were compared to an analogous non- 

heteroaromatic enediyne, 11. Compoimds 9 and 10 were found to have decreased activation 

energies compared to compound 11. Enediyne 10 was found to be the most reactive acyclic 

arenediyne studied to date. Addition o f an aromatic ring in compoimd 8, increased the activation
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energy to greater than that o f enediyne 11.̂  ̂ During the course o f these experiments, cyclized 

products were formed in better yields with less polar solvents, and the half-lives were found to 

correlate linearly with solvent dielectric constants and Ep(30) values^ ’̂ '̂*. This observation is 

intriguing because it has been reported that cyclization of similar enediynes is solvent 

independent. Although, requiring more study to examine whether this phenomenon is general for 

cyclizations, specific solvents could be utilized to enhance or suppress Bergman cyclization with 

respect to competing reactions.

Also under study is the effect o f substitution on an arenediyne.^  ̂ A series o f 4-substituted- 

1,2-diethynylbenzenes were cyclized and kinetic experiments indicated a linear free energy 

relationship between rate o f cyclization and the Hammett 0„ substituent coefficient.

Manipulation o f the electron withdrawing or electron releasing substituents can be utilized to 

affect the electronic nature o f the double bond o f the enediyne. In accordance with other studies, 

the enediyne with the most electron-withdrawing substituent, showed the shortest half-life, while 

those with electron releasing substituents had the longest half-lives. Most derivatives appeared to 

exhibit half-lives which corresponded with the nature o f the electronic properties, except for the 

ketone and ester analogues, which exhibited the opposite trend. The data was plotted against 

various Hammett coefficients, where produced the best correlation with p = 0.654. The value 

o f p was reasonable because the reaction is believed to proceed through uncharged transition 

states and intermediates. Development o f Hammett relationships for the Bergman cyclization is 

extremely important since the reaction is unusual in its generation of a neutral 0,0-biradical.

In contrast to the electronic effect o f substitution of aryl rings, the substituent effect on the 

acetylenic carbons has received a great deal o f study from experimental®®’̂ ’ to computer

8
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modelling,^* and a combination o f the two.̂ ® Grissom et al. examined the role o f acetylenic 

tethers on the rate o f Bergman cyclization o f enediyne 11.̂ ® Incorporation o f the first tether, 12, 

acted to slow the rate o f cyclization moderately. In contrast, the incorporation o f a second tether, 

13, slowed the rate considerably.^®

MeOjC y  MeOzC COoMe

12 13

The dramatic steric effect o f fimctional groups on the temperatures o f Bergman cyclization

is elegantly exhibited by the study o f enediynes 14-17. Enediyne 14 is thermally stable and

cyclizes at a temperature o f 186°C. Substitution o f one dimethylamino group with 3-

hydroxypyridine, 15, significantly reduces the cyclization temperature to 149°C. This effect is

suspected to be the influence o f two factors. Firstly, the pyridine can rotate out o f the enediyne

plane about the oxygen, thus relieving steric interactions with the opposing substituent. Secondly,

the insertion o f the sp  ̂hybridized oxygen between the pyridine ring and the alkyne terminus

increases the distance between the two and thereby reduces the effects o f the substituent. An

interesting trend is realized with enediynes 14,16 and 17. Substitution of one o f the

dimethylamino groups for an amino group, 16, dramatically reduces the cyclization temperature to

139°C. Substitution of the NMej group to give 17, resulted in a reduced cyclization temperature

of 106°C. The enhanced thermal reactivity o f 17 is a result o f the reduced steric hindrance of the

primary amine functionalities, in combination with intramolecular hydrogen bonding.^’ In an
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attempt to describe only electronic effects, a comprehensive computer analysis o f many acetylenic 

substituted enediynes has been completed. It indicated that strongly electron-withdrawing 

substituents increase the cyclization barrier, while O-donating substituents decrease it and 7t 

conjugation, especially donation, has little effect.^*

-NMeo

NM6 2

14

O

NMe

15

-NMe

NH,

NHg

NH

16 17

1.2.3 Photochemical Bergman Cyclizations

Of interest to synthetic chemists is the design o f an enediyne drug that is thermally stable, 

but easily triggered in vivo. This has led to investigations into the feasibility o f triggering the 

Bergman aromatisation with light. It has been proposed that biradicals (such as 

dehydroaromatics) can be photo-induced and exist as singlet or triplet s ta te s .S o m e  molecules 

are raised to an excited singlet state through light absorption and deactivation can occur by 

fluorescence, intersystem crossing (spin flip) to a triplet state, and phosphorescence.'*® Assuming 

that a singlet or triplet excited state leads to a cyclized product, it is theoretically possible that 

Bergman cyclization could be triggered by light.

Proceeding with the notion o f photochemical induction, Turro et al. photoirradiated 3- 

benzo-l,5-diyne 18 and isolated a Bergman type product, substituted naphthalene 19.*'*

10
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Mechanistic studies were completed utilizing a variety o f triplet sensitizers, such as acetophenone, 

acetonaphthone and xanthone. In these studies, 19 was not observed in the presence o f any triplet 

sensitizers, thus indicating that if a radical mechanism operated, then the intermediate was a 

singlet and not a triplet state. The products isolated from the irradiated solutions contained the 

Bergman product (where hydrogens had been abstracted) from a hydrogen donor, or a reduced 

alkyne. These observations were indicative o f a radical mechanism, however, it was not the only 

possibility. It was observed that even when hydrogen donors were used in large excess in 

synthetic and thermal investigations o f the Bergman thermal reaction, yields were moderate to 

poor, and polymerization was very competitive.”

18

hi)

H-donor

19

Similar to the study o f thermal cyclizations, some studies has been made o f substitution of 

the acetylenic carbons, ring strain, and computational analysis o f the transition states for 

photochemical Bergman cyclization, but not to the extent amassed for the thermal reactions.

Some emphasis has been placed on elucidation o f the nature of the transition state. Extensive 

computer modelling o f cyclic enediynes also indicates that cyclization arises from an excited 

singlet state.“’ In contrast to thermal reactions, photochemical cyclizations exhibit competing 

photoreduction reactions. The extent o f the competition appears to be governed by the nature of 

the acetylenic substituents. Cyclization o f enediyne 20 yields 25% of the cyclized product, as well

11
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as three photoreduced products. In contrast, enediyne 21 yields only the Bergman product, and 

photoreduced products were not detected. When subjected to triplet sensitization, 21 fails to 

react. The failure o f 21 to produce photoreduced products and react in triplet sensitization studies 

is rationalized by the proposal that the photochemical Bergman cyclization proceeds from a 

singlet excited state and photoreduced products arise from intersystem crossing to a triplet state. 

The failure of 21 to undergo intersystem crossing is a result o f the phenyl rings forcing the 

enediyne into a more rigid conformation. Molecules with structural rigidity are expected to 

exhibit higher fluorescence quantum yields (excited singlet state to ground state relaxation 

process) than less rigid molecules. This hypothesis is supported by the lower fluorescence 

quantum yield o f 20 as compared to 21."

n-Pr

n-Pr

20 21

ri

l l

An inclusive examination o f the effects o f ring strain on photochemical cyclization has 

been completed. A series o f analogues, 22, was synthesized containing four- to eight- membered 

rings. The seven- and eight- membered rings showed lower conversion efficiency despite a 

considerable decrease in cd. This indicated that although cd  may form a component o f the 

reactivity o f enediynes, it is ring strain energy that governs reactivity in the photochemical

12
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reaction.'*^

To date, only one examination has compared thermal and photochemical Bergman 

reactions directly/^ Neither reaction is superior to the other in a generalized sense as the success 

of the photochemical reaction depends on the tendency for the enediyne to form excited triplet 

states (a competing process), and the success o f the thermal reaction depends on thermal stability. 

For example, the alcohol substituted enediyne 23, photochemically cyclized at 40°C with a yield 

o f 80% and a half-life {t,/^ o f twenty-nine minutes for the starting material, while the thermal 

reaction was sluggish, ty/ 2  = 58 hr at 60°C. In contrast, ketone 24 in a photochemical reaction had 

a poor yield o f 10% after irradiation for 2 hours, with 34% o f the starting material remaining 

utilizing identical conditions as those stated above. The thermal reaction on the other hand 

exhibited a 92% yield when the reaction was performed at 80°C for 10 hours. The thermal 

product was irradiated and found to be stable, thus photodegradation was not a factor in the poor 

photochemical yield. The major difference in reactivity was believed to arise from the ketone’s 

propensity to form triplet states that are prone to hydrogen and electron abstraction and not 

formation o f the Bergman product.'*^

OCH;

H,co-

23 X = H, OH 
24X  = 0

43

13
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1.2.4. Synthesis and Applications of Enedivnes

Studies o f  Bergman cyclization rely on one’s ability to prepare enediynes. Currently, new 

tools are being utilized in the design o f enediynes, their synthesis, and their reactivity. Computer 

modelling is emerging as a tool to “test” enediyne drugs for desired properties, such as thermal 

stability, prior to chemical synthesis, and has produced favourable results.'* New methods for 

synthesis o f enediynes are also being studied. The widespread approach uses a palladium 

coupling reaction between the alkyne and ene moieties.'*''’''̂  '*® Nuss et al. have been utilizing the 

Norrish type II cleavage o f an a,P-unsaturated carbonyl to form the desired enediyne.'*’ Grissom 

et al. utilized tandem Bergman cyclization reactions to synthesize two and three fused ring 

systems s im u lta n eo u s ly F in a lly , different metal ions have been found to promote Bergman 

cyclization by lowering the activation barrier. To date, Cu(ll), Zn(II) and Mg(Il) have been used 

to promote cyclization, with a Mg(II) complexed enediyne cyclizing at room temperature.^"-

Although a great deal o f evidence has been amassed to explain the reactivity and 

mechanism for both the thermal and photochemical reactions, much work has yet to be completed. 

Also, the effects governing the reactivity o f enediynes towards cyclization must be investigated 

further and their trends identified and rationalized. Perhaps the most exciting aspect o f the study 

o f enediynes is the potential applications already imagined and those still to be discovered.

When designing an enediyne analogue for potential medical applications, several factors 

must be considered. Firstly, the enediyne must have a planar component that can intercalate with 

DNA. The analogue must also be thermally stable under physiological conditions, and exhibit 

very low or no general cytotoxicity. Activation o f the analogue toward the Bergman cyclization
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must be due to a specific, controllable trigger, for example, light. Finally, the analogue must be 

synthetically simple. This thesis investigates the synthesis o f nitrogenous aromatic enediynes 

utilizing Sonogashira coupling. Chapter Two o f this thesis presents a synthetic study of 

nitrogenous aromatic enediynes and a reactivity study of 1,3-substituted and 1,4-substituted 

iodobenzenes. Contained in this section is a examination o f the influences o f different 

nitrogenous aromatics, and alkynes and their effect on coupling. Chapter Three presents a 

synthetic study o f thermally and photochemically induced Bergman cyclizations o f nitrogenous 

enediynes synthesized in Chapter Two.
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CHAPTER TWO

SYNTHETIC STUDY AND REACTIVITY STUDIES INVOLVING THE 

SONOGASHIRA COUPLING REACTION

2.1 Introduction

The synthesis o f  a potential enediyne analogue drug, requires an expedient and simplistic 

synthesis, preferably with a high yield. Routes to an enediyne core were discussed briefly in 

Chapter One. This chapter will focus on Sonogashira palladium cross-coupling reactions as a 

method o f enediyne synthesis. A survey of the literature shows that many carbon-carbon 

coupling procedures require a metal catalyst.^’ Palladium is often the catalyst o f choice 

when coupling sp and sp  ̂carbon centres. Haloalkenes are most frequently used, however, some 

couplings have been achieved using sulfonate ester alkenes.'*  ̂'*® This chapter presents the results 

o f two different studies. The first study describes the synthesis o f the nitrogenous aromatic 

enediynes while the second study is a reactivity study o f meta- and /jam-substituted 

iodobenzenes.

2.1.1 Stephens-Castro Coupling

The first study o f metal-mediated cross-coupling reactions was completed by Stephens 

and Castro in the early 1960s.^  ̂ They studied the formation o f enynes through the coupling o f  

cuprous acetylides with aryl halides (Scheme 3).̂  ̂ They also studied the reactivity o f para- 

substituted iodobenzenes towards coupling with cuprous phenyl acetylide. They found that 

electron withdrawing substituents, such as reacted faster than p-\{  which in turn reacted
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faster than electron releasing substituents, such as /7-OCH3. It was found that the reaction would 

not occur if  the halogen (leaving group) was not bonded to an ap^-hybridized carbon. The order 

o f reactivity exhibited in these studies was found to vary periodically down the halogen group, 

with iodides reacting the fastest. Fluoride starting materials did not react.

Scheme 3̂ *

Ph-I + Cu- -Ph Ph- -Ph + Cu
N,

2.1.2. Sonogashira Coupling

Although the Stephens-Castro coupling procedure was effective in the formation o f the 

desired coupled product, the violent reactivity o f the cuprous acetylides and the rigorous 

conditions required made a milder procedure desirable. The procedure was modified so that the 

cuprous acetylides were generated in situ. Bromoalkenes, iodoarenes and bromopyridines were 

coupled with acetylenes at room temperature using a Pd(II) catalyst and amine solvent (Scheme 

4).̂ ® Although some modifications had been made, the efficiency o f Sonogashira coupling of 

arylbromides and terminal alkynes was not ideal. Due to the low reactivity o f the arylbromides, 

forcing conditions were required for the coupling to occur. To improve the reactivity, aryliodides 

were used instead o f arylbromides, in spite o f their greater cost. The greater reactivity was a 

result o f the more polarizable C-I bond which facilitated higher yields in coupling. In order to
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obtain high yields, it was necessary to purify reagents prior to reaction and exclude oxygen. 

Large excesses o f  alkyne were required and it was found that when oxygen was allowed to enter 

the reaction vessel, Glaser or homocoupling of the alkyne was observed.^ In addition to the 

expense o f the alkyne, difficulties were encountered when attempting to isolate the homocoupled 

product from the desired products.

Scheme 4̂ *

Pd(U) cat.
Cul cat.

2 Ph-I + H = =  H ----------------- ► Ph------- = = -------Ph + Cu
Et,N

In the proposed mechanism (Scheme 5),̂  ̂the active catalyst is thought to be a Pd (0) 

species, therefore, the first step in tiie mechanism requires that the Pd(II) catalyst must be 

reduced. This reduction is achieved through the oxidative homocoupling o f the alkyne and 

alkynylation o f the Pd(II) catalyst. This process is catalysed by cuprous iodide in the presence of 

diethylamine. The Pd(0) catalyst that is generated enters the catalytic cycle and oxidatively adds 

an aryl or vinyl halide. The oxidative addition is followed by alkynylation o f the adduct to yield 

the aryl or vinyl alkynyl complex o f palladium. The coupled product is formed by reductive 

elimination, regenerating the Pd(0) catalyst. It was observed that the Cul was vital to the 

progress o f the reaction, however, elucidation o f its role was not investigated in this study. 

Further study by another group attempted to improve on the efficiency o f the reaction.”
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Scheme 5̂ ^

Ph-

(PPh3)2PdCl2

K"- -R

Cul, BWNH

[NEt2 H2 ]CI

(Ph3 P)2 Pd-

R

2.1.3. Coupling by Thorand and Krause

In an attempt to optimize Sonogashira’s coupling, variations in starting materials, and the 

order o f  addition o f the alkyne and catalyst were made. It was observed that reactions completed 

in THF exhibited high yields, equal to or exceeding Sonogashira’s yields after one hour (Scheme 

6 ).^ It was observed that the rate o f reaction increased when THF was used as the solvent, while 

the rate o f  Glaser coupling decreased, when the alkyne was introduced with a slow, dropwise 

addition.” ’ ’̂ Additionally, various substituted aryl bromides and alkynes were used, and the
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Sonogashira Pd(II) catalyst was replaced with a Pd (0) catalyst. A survey o f the literature 

indicates that most enediyne syntheses are accomplished using modifications o f Sonogashira’s 

original procedure. The Cul co-catalyst is most commonly employed with Pd(PPhg)4 , 

PdCl2 (PPh3 )2 , or Pd(OAc)2 (PPh3 )2 ."'""""'̂

Scheme 6 *̂

Pd(PPh3 > 4  

Cul, THF
Ph-I + H ■  R  ► Ph--------Z.T,------------ R + Cul

Et,NH

2.2. Svnthesis o f Nitrogenous Aromatic Enedivnes

Recent literature has introduced some interesting potential nitrogenous aromatic 

enediynes. Kim and Russell synthesized and thermally cyclized a series o f 1,2- 

diethynylheteroarenes (8-10).^  ̂ Their procedure utilized pressure reaction vessels, and due to 

these conditions, no Glaser coupling was observed. The kinetics o f these species were studied 

and Arrhenius plots revealed the activation energies for subsequent cyclization at 165°C. Kim 

and Russell’s studies, however, neglected thermal cyclizations, isolation and characterization o f  

substituted alkynes, as all experiments were conducted on acetylenic enediynes. Additionally, no 

photochemical cyclizations were attempted.^^

Another nitrogen containing aromatic that is o f potential interest in enediyne syntheses is 

the pyrrole ring. Interest in this direction was piqued by the synthesis o f chlorin (25).®’’“  The 

planar structure o f chlorin could act as the delivery system desired in an enediyne analogue. It was 

envisioned that a 3,4-dialkynyl pyrrole, or a 3,4-dialkynyl benzaldehyde (34) could be utilized to
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construct target enediyne chlorins 26 and 27, respectively.

R

NHHN

A t*

NH

Ar"Ar"

25 26 27

2.2.1 Synthetic Study o f Nitrogenous Alkvnvl Aromatics Using Sonogashira Coupling

The focus o f this chapter is the synthesis o f starting materials for Sonogashira coupling 

reactions and the outcome o f these coupling reactions. Readily available nitrogenous starting 

materials for coupling reactions were limited (28-33,52). The synthesis o f  sulfonyl esters (35-40, 

53) using trifluoromethanesulfonic anhydride or acid and methanesulfonyl chloride and the 

corresponding dihydroxy starting materials might yield compounds for coupling reactions. There 

are no available 3,4-substituted pyrrole compounds, therefore two different strategies were 

investigated (Scheme 7, pg 23).®̂  ®̂ “ ’®® ®’ The resulting 3,4-disubstituted pyrrole would be 

subjected to coupling. Finally, the impact o f varying the identity of the alkynes was investigated 

with respect to successful coupling. Four different commercially available alkynes were chosen 

to be used for this study, (48-51).
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N. Ĉl

28 R, R' = OH
29 R = OH, R' = Br
30 R, R' = Cl
35 R, R' = OTf
36 R, R' = OMs
37 R = OMs, R' = Br
38 R = OTf, R' = Br
52 R = OH, R' = Cl
53 R = OTf, R' = Cl

N  X I

31

34

H-

32 R = OH
33 R = CI
39 R = OTf
40  R = OMs

48 R = TMS
49 R = Ph
50 R = C(CH3)o0H
51 R = TIPS

Coupling reactions were performed using a published procedure in duplicate/^ 

Tetrakis(triphenylphosphine)palladium(0) was the catalyst and cuprous iodide was the co-catalyst 

employed, with diisopropylamine as solvent. Diisopropylamine was chosen as the base, to match 

the conditions used in the literature procedure.^  ̂ Reactions were completed in 15 mL or 38 mL 

sealed tubes at temperatures determined by the literature reference.^^

2.3 Results and Discussion - Nitrogenous Aromatic Enedivnes

The results o f the synthetic study will be discussed in terms o f percent yield trends in the 

following section. Prior to coupling, several starting materials had to be synthesized.

Compounds 2 8 ,2 9 ,3 2  and 52 were converted to their corresponding triflate and mesylate esters 

using the procedure discussed in Section 4.2.1 (See Experimental). Compounds 28,29 and 52
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were easily converted to their corresponding triflate and mesylate products in yields ranging from 

58-99%. These products were carried forward into the coupling step. Compound 32 could not be 

converted to 39 or 40, the only species recovered was starting material. As a result, this strategy 

was abandoned, resulting in compound 33 as the only quinoxaline starting material available for 

coupling.

Scheme 64.65.66.6?

Ï
N

41

TBABr, CH2 CI2  

----------------
NaOH, reflux

Bn
I

N

42

NBS

THF

Br

Bn
I
N

43

Br Acetonitrile

Benzene 
p-toluenesulfonic Acid

45

CN

46

.CN

j  ( MeOH/NH; (HOCH2CH2)3N \  /
/  \  — :— ^  N

Br Br 15 C reflux
H

IMS IM S

i C = C S i M e ,  UMe3SiC=CSiMe3 

xylene, reflux N

i
47

Two different approaches to the 3,4-dihalopyrrole were attempted (Scheme 7). The first 

conversion of pyrrole (41), to the 3,4-dibrominated product began with the addition of a 

protecting group to give 42. This protected pyrrole was then brominated (43), and converted to 

the 3,4-dibrominated product, following procedures found in Section 4.2.1. The second approach
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involved ring expansion o f an aziridine, (46), using procedures listed in Section 4.2.1. These 

approaches were performed in accordance with published procedures, however, the results could 

not be reproduced consistently. The protection o f 41 did not occur with reasonable yields 

despite repeated attempts. Additionally the isolated product 42 was found to be very unstable 

despite storage at -10°C under a nitrogen atmosphere. The subsequent bromination and 

conversion were never attempted. The synthesis o f 46 was also attempted several times. The 

reaction did proceed and 46 was isolated in Small amounts (5-10%), however it was found that 46 

was very unstable even when frozen for short periods (1-2 days). Due to the instability o f 46, this 

approach was also abandoned.

2.3.1 Sonogashira Coupling Percent Yield Trends

Coupling to form compound 34 was attempted several times under various conditions. 

There is no published procedure for this reaction, therefore a procedure was created using the 

nitrogenous coupling procedure as a tem p late .T h e first attempt involved coupling 3,4- 

dichlorobenzaldehyde at 80°C with TMS-acetylene. After 13 hours, GC and GC-MS spectra o f  

the crude mixture were obtained and three peaks were observed. The largest peak by area 

corresponded to unreacted starting material, followed by a peak that corresponded to dimerized 

starting material. Finally, the smallest peak by area was found to be mono-coupled product. The 

amount o f the product was quite small, and it could not be visualized on TLC. Therefore it was 

not isolated. In an attempt to increase the yield of the mono-coupled product or produce di

coupled product, the reaction temperature was increased to 100°C. A GC o f the reaction mixture 

run after 13 hours showed only unreacted starting material and dimerized starting material.
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To overcome the dimerization o f the starting material, benzaldehyde was protected prior 

to coupling using ethylene glycol in aqueous acid. Several other coupling reactions had been 

completed by this point, and it was observed that the best yields had been obtained when coupling 

with alkyne 50, so it was chosen for coupling with the protected benzaldehyde. When coupling 

was attempted at 80°C for 13 hours; three peaks were observed on the GC-MS. Two were 

identified as protected and deprotected benzaldehyde, while the third peak had a mass o f 316 AU. 

The expected masses o f mono- and di-coupled products were 250 and 314 AU respectively. The 

coupling was attempted at 100°C, however, only the protected and deprotected starting materials 

were observed. Due to the unreactive nature o f this starting material, this approach was 

abandoned, and no further work towards the enediyne chlorin targets 26 and 27 was pursued.

Initially, coupling was attempted between pyridine 38 and alkyne 51. It was found that the 

mono-coupled compound was very unreactive, hence conditions were optimized so that coupling 

would proceed to give the di-coupled product. Mono- and di-coupled products were identified by 

GC-MS, however, all attempts to isolate the di-coupled product were unsuccessful. Despite flash 

chromatography and rotary chromatography the di-coupled products could not be separated from 

the starting material and mono-coupled products. It was due to this difficulty in separation that 

alkyne 51 was abandoned for the reactivity study.

The yields obtained for pyridine starting materials (Table 1) are remarkably different.

Only compounds 38 and 53 produced the desired di-coupled pyridines. Compounds 35,36, and 

37 failed to couple and unreacted starting material was isolated, while compound 30 produced 

only mono-coupled products. The reactivity o f compound 30 will be discussed in greater depth in 

relation to the quinoxaline and pyrazine starting materials. The poor reactivity o f35 ,36  and 37
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was puzzling as the leaving groups are generally thought to be better than the chlorides on 

compound 30 which did produce the mono-coupled compound. This may be a result o f the 

stronger C -0 bond o f the triflate and mesylate groups compared to the weaker C-Cl bond. The 

mono-coupled product was not observed with quinoxaline starting materials, and only at lower 

temperatures for the pyrazine couplings. Procedures for the coupling reactions listed in Table 1 

can be found in Chapter 4, Section 4.2.2.

Once the coupling reactions had been completed for compound 38, it was discovered that 

the chloro-hydroxy starting material, 52, was also commercially available. The hydroxyl group on 

the starting material was converted to the triflate 53 with a yield o f 99%, utilizing identical 

conditions for the conversion o f compound 29 to 38. The coupling reactions were repeated using 

53 in order to assess whether the established trend for halide substitution reactivity would be 

observed for nitrogenous starting materials. The coupling reactions with 48,50, and 49 produced 

isolated yields o f 63,36 and 24 % o f the di-coupled products, respectively. All the isolated yields 

were lower than the bromide starting material, 38, as expected. The overall percent yield trend 

did not match that o f compound 38, however. It was expected that the highest isolated yield 

would be for the coupling reaction with alkyne 50, based on the trends observed for the other 

starting materials. This may be a result o f work-up and isolation procedures. Separation of the 

TMS-ethynyl di-coupled products and their respective starting materials was very difficult due to 

similar polarities for the mono- and di-coupled products. The isolated yields for these reactions 

may not reflect the actual conversion of the starting materials.
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Table 1: Isolated Yields for Sonogashira Coupling Reactions

Compound % Yield 48“

l_l----------------- -----

%Yield50 % Yield 49

h------------------Kn

30 c.

^Cl

0 /49 0 / 0 0 / 0

”c OT,

OTf

0 / 0 0 / 0 0 / 0

36 .O M s

'^ O M s

0 / 0 0 / 0 0 / 0

37

n'^

.O M s

Br

0 / 0 0 / 0 0 / 0

38 .OTf

'^ B r

74/trace 76/0 40/0

53 63/trace 36/0 24/0

31 c^ C ,

74/trace 31/38*, 76/0" 52/0

C,

33

41/0 77/0 17/0

“% di-coupled/% mono-coupled; * 80°C; 100°C
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The observed percent yield trends are easily rationalized using steric and electronic 

considerations. Dichlorinated starting materials 30,33, and 31 were observed to show an overall 

reactivity increasing in that order. This was the expected result as previous studies have found 

that the 2- or 4-positions relative to the ring nitrogen, are reactive enough to di-couple even when 

the leaving group is chlorine.** A leaving group on the 3-position must be more reactive in a di

coupling reaction, eg. bromide, iodide or triflate ester. Compound 30 was observed to mono

couple only. This result may be a consequence o f the 2- and 3-chloro leaving groups. From 

literature results, it was expected that coupling occurred at the 2 -position which was supported by 

’H NMR spectroscopy. The spectrum o f the product isolated from the reaction o f compounds 30 

and 48 showed one aromatic proton shifted up-field, with respect to the spectrum of the di- 

coupled product isolated from reactions o f alkyne 48 with compound 38. This indicated that the 

proton was adjacent to a chloro-substituted carbon.

Addition o f a nitrogen in a 1,4- relationship to the pyridine nitrogen should result in 

greater coupling reactivity since both leaving groups would be in a 2 -position to a ring nitrogen. 

This was the trend observed with pyrazine 31, producing a higher coupling yield for alkynes 48 

and 49. Finally, it was expected based on previous work that the electronic nature o f the second 

aromatic ring in quinoxaline 33 should reduce the leaving group ability o f the chlorides.^^ 

Generally, this was the trend observed for compounds 31 and 33. The slightly higher yield for 33 

with 50 may be a result o f the isolation procedure or the non-optimization o f the coupling 

procedure for 31 with 50. The coupling reactions were not optimized once a reasonable, 

reproducible yield was obtained in duplicate, therefore the conditions used to react 31 and 50 may 

not have been optimized. The literature reference did not isolate the product o f 33 with 48, and
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did not use compound 31, therefore, our observed trends could not be compared.*  ̂The most 

interesting observation is that although 33 produced a lower di-coupled yield than 31 when 

coupling with 48, its corresponding mono-coupled product was more reactive than that of 31. 

Trace amounts o f  mono-coupled 31 were observed by GC-MS, while no mono-coupled product 

arising from 33 was observed.

The general reactivity observed for the coupling reactions suggests that polarity o f the 

mono-, di-coupled and the starting materials impacted the isolated yields. Alkyne 49 produced 

the least amount o f isolated di-coupled products, although isolation was simple due to the high 

retention o f the di-coupled products on silica. Reaction with alkyne 48 produced the di-coupled 

products in slightly higher isolated yields. The TMS di-coupled products were more difficult to 

isolate than their phenyl substituted counterparts. The similar polarities o f the mono- and di- 

coupled products necessitated two purification steps, a long flash chromatography column 

followed by rotaiy chromatography. Despite following this procedure, not all o f the di-coupled 

product could be separated from starting material. Finally, alkyne 50 produced the highest 

isolated yields. It is also possible that the electron withdrawing nature o f this alkyne may have 

heightened the reactivity, or that the ability o f a mono-coupled product to hydrogen bond with 

another equivalent o f alkyne may have made the coupling o f the second alkyne more energetically 

favourable. These products were easily separated from starting materials using flash 

chromatography. It was observed that the retention factor for di-coupled Ph and di-coupled 

tertiary alcohol enediynes were very different from those o f their corresponding mono-coupled 

products, which simplified the purification procedures.
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2.4 Reactivity Study o f meta- and para-substituted iodobenzenes

The resonance and inductive effects o f a meta- or pam-substituent on the coupling 

reaction were investigated by varying the EW and ED nature o f the substituent. It has been 

established that EW groups in a position para- to a halide, will exhibit a dominant resonance and 

a smaller inductive effect, while EW groups in the meta- position to a halide exhibit inductive 

effects.*® It has also been established that the reactivity in a coupling reaction increases with EW 

groups, and decreases with ED groups in the para- position.**

2.4.1 Competition Reactions o f meta- and pam-substituted iodobenzenes

A series o f substituted iodobenzenes were selected for this study. The available 

substituents ranged from strongly EW to ED. All meta- and para- isomers (except for 3- 

ethyliodobenzene) as well as the iodobenzene were commercially available. A meta- or para- 

substituted iodobenzene was placed in competition for an alkyne, with iodobenzene under

palladium coupling conditions. In onier to determine the relative reactivities, the decreasing
■■

amounts o f starting materials were monitored using HPLC and an internal standard, biphenyl.

The reagents and amounts were chosen from literature references for Sonogashira 

coupling.** Tetrakis(triphenylphosphine)palladium (0) was chosen as the catalyst and cuprous 

iodide as the co-catalyst, as they have been found to provide efficient conditions. Triethylamine 

was chosen for the base, and TMS-acetylene as the alkyne. All reactions were performed at room 

temperature using 1  mmol o f the meta- or /jara-substituted iodobenzene, iodobenzene, biphenyl 

and TMS-acetylene. Each reaction additionally contained 0.02 mmol Pd(PPhj)4 , 0.04 mmol Cul, 

and 1.5 mmol EtjN, (Section 4.2.5). The general reaction equation is shown in Scheme 8 .
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Scheme 8

1 1 1

R

+

Pd(PPh3)4,Cul 

EtgN, biphenyl, THF 

IM S   H

MS

1 1 1

MS

1 1 1

R = OH, CH3, OCH3, NH2, 
CF3, NO2, CH2CH3

Initially it was hoped that the meta- and para- isomers o f iodobenzoic acid could be used 

as representatives o f EW substituents. During the HPLC method development, it was observed 

that the amount o f iodobenzoic acid decreased over short periods o f time. This was attributed to 

ionization o f the acid, which made it impossible to quantify. To compensate, both the methyl- 

and ethyl-esters o f the iodobenzoic acids were prepared and isolated (55,56 ,57 ,58). 

Unfortunately, a practical HPLC method could not be developed at this time which could separate 

these esters from iodobenzene and the biphenyl standard. As a result, the reactivity study had to 

proceed without these representatives.

2.4.2. Relative Reactivities for the Competitive Coupling Studv

To establish the relative reactivities due to changing the electronic nature o f the 

substituents, numerous competitive rate reactions were performed as described above. Section 

4.2.6. Complete HPLC data can be found in Tables 12 to 18 in the Appendix. Concentration 

ratio versus time graphs were constructed to analyse the data.™ Data was plotted until no further
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reaction occurred, either until all starting material had reacted, or until the isomer/iodobenzene 

ratio did not change over three time points. Graph 1 shows the relative reactivity between meta- 

substituted iodobenzenes and iodobenzene, while Graph 2 shows the relative reactivity observed 

for para-substituted iodobenzene and iodobenzene. Initial samples were analysed prior to catalyst 

and TMS-acetylene addition to calculate response factors. Section 4.2.4. Time zero samples were 

extracted at the time o f TMS-acetylene addition, dnd reaction times reported were relative to this 

time point

Graph 1
Relative Reactivity mefa- v s H-substituted Aryl Iodides

2

1

0

0 1 2 3

Time (hrs)
*Note; T he d e c re a se  In staiUno m aterial concentration w as monitored.

 iodoanisole
’ ' iodobenzotrifluoride

 iodonitrobenzene
—  • iodophenol
  iodotoluene
 iodoanlline
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Graph 2
Relative Reactivity para- vs H-substituted Aryl Iodides
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The kinetics o f these reactions are not known. The experiments were designed in an effort 

to establish relative reactivity trends by measuring the disappearance o f the starting materials with 

respect to an internal standard. Similar competitive rate reactions have previously been completed 

in our group, in which the products were isolated and it was observed that disappearance o f the 

starting materials corresponded to the appearance o f products.™ Based on values, the relative
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reactivities were expected to increase in the order: NH 2 <CH3 <H<OCH3 <OH<CF3 <NO2  The 

reactions were set up as in Section 4.2.2 and monitored by HPLC every half hour. From analysis 

o f the curve for the meto-phenol it was obvious that iodobenzene was more reactive than 

me/a-iodophenol, (Table 2, pg 35, Entry 4, R=»j-OH). This result was unexpected due to the 

inductively withdrawing nature o f the hydroxy substituent in the //leto-position. This result also 

indicated that although the hydroxy substituent is EW in the meta- position, it does not affect the 

ring in such a way as to make it more reactive than iodobenzene. It was speculated that the acidity 

o f the hydroxyl proton affects reactivity, possibly through interference with the catalyst or base. 

Unexpected reactivity was observed for the reaction of /neto-iodotoluene. Entry 2. The ED nature 

o f the methyl substituent should have made the compound less reactive than iodobenzene, 

however, the opposite effect was observed. This indicated that the weakly donating nature o f the 

methyl- substituent was not very different from iodobenzene, and with similar reactivities, 

iodobenzene slightly less reactive than iodotoluene. The /weto-iodoaniline (Entry 1) also showed 

interesting and unexpected reactivity. Although NH; is inductively EW, and initially was more 

reactive than iodobenzene, its reactivity decreased to equal that o f iodobenzene. This may be a 

result o f the decreased concentration o f iodoanlline that resulted in less competitive conditions or 

that, in this case, the weak inductively withdrawing properties o f  the aniline do not alter the 

reactivity an appreciable amount. Reaction o f /w-iodo-a,CC,a-trifluorotoluene (Entry 5) also 

shows interesting reactivity. The EW w-iodo-a,a,a-trifluorotoluene initially showed a lower 

reactivity than iodobenzene. The reactivity then increased to greater than the iodobenzene, which 

was the reactivity that was expected. This initial poor reactivity is very puzzling. The CF3  

substituent must affect the electronic nature in a deactivating manner, until the concentration of
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iodobenzene decreased to a level where the reaction with iodo-a,a,a-trifluorotoluene became 

more competitive.

Table 2: Concentration Ratios for Competitive Rate Reactions Between meta- and H- 

substituted Aryl Iodides

Time (hrs) Entry 1 
R = NH;

Entry 2 
R = CH3

Entry 3 
,R  = 0 CH3

Entry 4 
R = OH

Entry 5 
R = CF3

Entry 6  

R =N O ;

o / ' -0.16 -0.069 0.115 0 . 1 2 1 0.43 0.71

[w]/[H] [w]/[H] [w]/[H] [m]/[H] [m]/[H] [m]/[H]

initial 1 . 0 2 1.03 1.03 1 . 0 1 0.99 1 . 0 2

0 . 0  

TMS addition
0.59 0.96 0.71 1 1.98 0.5

0.5 I 0.81 0.63 1.32 1.36 0 . 0 1

1 1 0.79 0.64 1.35 1.16 0

1.5 1 0 . 8 0.63 1.37 0.99

2 0.63 1.37 0.76

2.5 0.58 0.77

Entry 3, the weto-iodoanisole, also reacted faster than iodobenzene from the time zero 

measurement until the reaction was stopped. This reactivity was attributed to the inductively EW 

nature o f the substituent. Comparison o f the iodophenol, Entry 4, and the iodoanisole. Entry 3, is 

interesting. The methoxy substituent in rw-iodoanisole is also an EW group, and showed a greater 

reactivity than iodobenzene as expected. It is interesting that two related EW compounds. Entries 

4 and 3, show such differing reactivity. Finally, the strongly EW NO; group in meta-
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iodonitrobenzene. Entry 6 , shows considerably high reactivity. The nitrobenzene starting material 

had completely reacted within 1 hour. In this case, the strongly EW nature o f the nitro-substituent 

affects the reactivity o f  the ring greatly, even though it can only affect it inductively. Overall, the 

results show that inductive effects do not influence reactivity, especially when the substituents are 

not strongly EW or ED. When the substituents are strongly EW, as in the case o f Entry 6 , the 

nature o f the ring is affected and the reactivity increases greatly. Similar to the expected relative 

reactivities stated above, the reactivity trend was found to be:. OH<<NH2<H<CH3<CF3<OCH3 

<N 0 ;. This differed somewhat from the expected reactivity trend. Table 2 . This was attributed to 

the possible interactions between the iodophenol and other reagents as discussed above, shifting 

its reactivity relative to the other substituents examined. The order o f iodobenzene and 

iodotoluene were also switched relative to the expected trend. This can be explained by the a„ 

values for iodobenzene and iodotoluene being close in value (0.00 and 0.069 respectively).

Based on values, the reactivity for the /^-substituted iodobenzenes was expected to 

follow the trend: NH 2 <OH<OCH3 <CH3 <CH2 CH3 <H<CF3 <N 0 2 .” The relative reactivities for this 

series o f the substituents are presented in Table 3. p-iodonitrobenzene and /?-iodo-a,a,a- 

trifluorotoluene. Entries 6  and 7 reacted very quickly, with none o f the starting materials left after 

the first half hour o f the reaction in both reactions. Iodonitrobenzene showed a greater reactivity 

than / 7 -iodo-a,CC,a-trifluorotoluene, which was expected as it has the largest 0  ̂value o f the two 

compounds. The high reactivity o f both compounds can be attributed to strong EW nature o f their 

substituents in a resonant position and their large positive cr values.
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Table 3: Concentration Ratios for Competitive Rate Reactions Between para- and H- 

substituted Aryl Iodides

Time
(hrs)

Entry 1 
R = NH;

Entry 2 
R = OH

Entry 3 
R = 0 CH3

Entry 4 
R = CH3

Entry 5 
R=CH;CH3

Entry 6  

R = C F 3

Entry 7 
R = NO;

-0 . 6 6 -0.37 -0.268 -0.17 -0.151 0.54 0.778

M/[H] \pvm W/[H] W/[H] W/[H] l>]/[H] lp]/[H]

initial 1 . 0 1 1 . 0 1 1 . 0 2 1.03 1.05 1.04 1.03

0 1.07 1.14 1.09 1.31 1.05 0 . 8 6 0.57

0.5 2.63 3.82 1.67 1.67 1.51 0 0

1 2.58 3.8 3.66 1.63 1.5

1.5 2.62 4.03 3.61 1.51 1.54

2 3.9 3.6 1.58

2.5 3.57 1 . 6 6

3 1.62

3.5 1.67

Conversely, the ED substituted compounds. Entries 1-5, exhibited the reverse reactivity. 

Iodophenol, Entry 2, was observed to have the lowest reactivity. Iodoanisole, Entry 3, was 

observed to have a slightly greater reactivity, although it was still less reactive than iodobenzene. 

This reactivity can be attributed to the lower ED nature o f the OCH3  substituent compared to the 

OH substituent. A large jump in relative reactivity was observed with the reaction o f iodoaniline. 

Entry 1. Although less reactive than iodobenzene, iodoaniline was more reactive than iodophenol 

and iodoanisole. This reactivity trend was imexpected as the NH; substituent is more ED than
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both OH and OCH3  substituents. It was postulated that for this particular mechanism, the two 

lone pairs o f  electrons on the oxygen atoms in the OH and OCH3  substituents must increase the 7t- 

donation into the ring compared to aniline. The alkyl substituted iodobenzenes were slightly more 

reactive, due to their weaker ED nature, /^-iodotoluene. Entry 4, was quickly out-competed by 

iodobenzene and the reaction rate levelled off by the end o f first half hour o f the reaction, p-  

Ethyliodobenzene, Entiy 5, also was out-competed by iodobenzene within the first half hour o f the 

reaction. The calculated [p]/[H] ratio was larger for /^-iodotoluene than the / 7 -ethyliodobenzene. 

This indicated that / 7 -ethyliodobenzene was more reactive than /^-iodotoluene.

The observed trend o f reactivity was: OH<OCH3 <NH2 <CHj<CH2 CH3 <H<CF3 <N 0 2 . The 

observed trend is similar to that expected for the /?ara-substituents based on the Op, except in the 

location o f the /^-iodoaniline. It was predicted to have a higher reactivity than that o f p- 

iodoanisole and / 7 -iodophenol. This discrepancy may be due in part to interference o f the starting 

materials with the catalyst, or the base used, and further analysis is required to determine the cause 

o f this reactivity. Analysis o f  Graphs 1 and 2 led to the conclusion that overall reactivity is 

governed by the ED and EW character o f the substituents, as predicted.*  ̂ The overall trends, 

however, were somewhat difficult to explain. The reactivity trends for ^/-substituted 

iodobenzenes indicated that inductive effects do not affect the reactivity to a large degree. In 

contrast, the reactions of//-substituted iodobenzenes showed remarkable reactivities. Influence of 

the EW and ED nature o f the substituents was observed to drastically affect the reactivity o f the 

compounds towards coupling.
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2.4.3. Conclusion

In summary, several conclusions may be drawn. It is apparent from examination o f the 

percent trends for Sonogashira coupling o f nitrogenous heterocycles that the role o f sterics is 

crucial to reactivity. The steric demands o f the leaving group on the heterocycle affect the 

reactivity o f the system, as do the steric demands o f the alkyne. The best isolated yields were 

obtained when an excess o f 3-methyl-2-butyn-3-ol, 50, was employed as the alkyne for coupling. 

This was likely a result o f the relative affinities for silica for the starting materials, di-coupled and 

mono-coupled products. Additionally, the identity o f the leaving group was found to impact the 

overall reactivity. For the pyridine starting materials, for which a number of substituted 

compounds were available, the nature o f the bond was found to dictate the coupling reactivity. 

Leaving groups such as di-substituted triflic and mesylate leaving groups were unsuccessful in 

coupling, while smaller chlorine leaving groups were more reactive and mono-coupled. This was 

a surprising result, as mono-triflates have been successful in coupling reactions. This poor 

reactivity may be a result o f steric inhibition for complex formation when coupling a di-sulfonyl 

ester. A combination o f two good leaving groups, bromide and triflate, produced the compound 

most reactive to coupling, 38. These coupling trends were attributed to the strength o f the bond 

between the C and the leaving group. The electronics o f the ring, through the addition of 

nitrogens, as well as extension o f the ring system, noticeably affected the reactivity towards 

coupling. In accordance with results already published, the addition o f nitrogens to the 

heterocycle improve reactivity, while addition o f electron donating aryl rings do not.̂ ’̂*’

The effect o f resonance and inductive forces on the reactivity o f a compound toward 

Sonogashira coupling was also discussed in this chapter. The comprehensive relative reactivity
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study correlated with previously established data and hypotheses/^ It was observed that 

substituents that were in a / 7 ara-position to an aryl halide exerted a large resonance and 

mesomeric effect that governed the reactivity. The overall reactivity trend was very similar to the 

Op and Upvalues for the substituents. The trends for the effects o f substituents in the meta

position were not always so obvious. Strongly EW substituents still increased reactivity through 

induction. ED substituents, are expected to decrease the reactivity. The weaker ED substituent - 

CH3  actually caused a slight increase in reactivity, which was surprising. Comparison o f both the 

meta- and para- results indicated that the larger effect occurred when the substituent was in a 

resonant position to the aryl halide. A less pronounced effect occurred when the substituent was 

not in a resonant position, where weaker inductive forces played a role.

This chapter has focussed on the formation o f enediyne analogues and the reactivity of 

their precursors towards coupling reactions. The next chapter focusses on the ability o f these 

analogues to undergo thermally and photochemically induced Bergman cyclizations. A reactivity 

study of these analogues, with regards to their electronic and steric natures will be presented, as 

well as a assessment o f  their potential for use in anti-cancer trials.
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CHAPTER THREE 

A SYNTHETIC STUDY INVOLVING THE BERGMAN CYCLIZATION

3.1 Introduction

The success o f a potential enediyne analogue drug relies on a reproducible and selective 

trigger for the Bergman cyclization which leads to cell death. The requirements for a successful 

enediyne analogue were discussed in detail in Chapter One, and the use o f the Sonogashira 

coupling reaction as a route to form these compounds was discussed in Chapter Two. This 

chapter will focus on both the photochemically and the thermally induced cyclization reactions. 

An inspection o f recent literature indicates that a great deal o f study has concerned thermal 

cyclizations, while photochemical cyclizations have been largely ignored. This study was 

designed to add to the body o f knowledge for both thermal and photochemical triggering of 

nitrogenous aromatic enediynes.

3.1.1 Thermal Bergman Cvclization

As cyclizations were discussed in Chapter One, only a brief summary will be given in this 

section. The majority o f the literature concerning thermally induced Bergman cyclizations has 

suggested that the contributing factor in successful cyclization is acetylenic substitution. Work 

by Grissom et al. compared Bergman’s estimated energy o f activation for an acyclic enediyne 

with that o f an acyclic aromatic enediyne.^® They found that these values did not differ greatly, 

and thus proposed that the major effect on energy o f activation is a result o f the added 

substituents on the acetylenic groups o f their study compotmds. Adding support to this theory
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was a study completed on acyclic analogues (14,16 and 1 7 )/’ Most interesting to our group was 

the evidence o f intramolecular bonding in compound 17 that dramatically reduced its cyclization 

temperature. It was postulated that this may occur in compounds with an alkynyl substituent 

containing a hydroxy group. This was observed in the preparation of dicoupled tertiary alcohol 

products as discussed in Chapter Two. I questioned whether this would affect the reactivity to 

cyclization and be observed in an increased yield or rate o f reaction for the cyclization reactions.

Scheme 9'“*

hv

H

r O
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3.1.2 Photochemical Bergman Cvclization

Photochemical Bergman rearrangement was first reported in 1994 by Turro and 

Evenzahav.*'' The products isolated were consistent with the formation of a radical pair that was 

generated by hydrogen abstraction from the protic solvent followed by the disproportionation of 

the radical solvent species (Scheme 9). Thermal cyclizations completed in carbon tetrachloride 

result in formation o f a cyclized dichloro compound/’ this cyclized dichloro compound should 

be the product o f the photochemically induced cyclizations using carbon tetrachloride as the 

solvent if  this is the mechanism o f the reaction. More recent work by Turro and Evenzahav has 

suggested that the success o f photochemical cyclizations depends greatly on the identity of the 

acetylenic substituents." More specifically, compounds that are more rigid have a higher 

probability o f cyclizing. This was evident from the photocyclization o f two enediynes 20 and 21. 

Enediyne 20 did successfully cyclize, however photo reduced products were also isolated 

(Scheme 10). It is believed that these side products arise when the excited biradical relaxes to a 

triplet state through intersystem crossing. In contrast, enediyne 21, when irradiated, produced 

only the cyclized product. This is believed to occur because the phenyl rings force the acetylenic 

carbons into a more rigid conformation than the propyl substituents. This rigidity lowers the 

probability o f other relaxation processes. Interestingly, energy minimization calculations for the 

excited state revealed that the cd  for compound 20 to be between 4.078 and 4.120Â. The same 

calculation for compound 21 yielded a cd  o f 3.926Â. Both o f these distances are much larger 

than the 3.3 lÂ  cd  that has been proposed to be stable at 25°C, according to Nicolaou’s 

hypothesis.
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3.2 Cyclizations of Nitrogenous Aromatic Enediynes

The work o f Kim and Russell did not address seyeral issues.^  ̂ Firstly, a comprehensiye 

study o f the reactiyity o f seyeral nitrogenous starting materials and alkynyl substituents was not 

completed. This issue was addressed in Chapter Two. Additionally, the effect o f acetylenic 

substituents on the reactiyity toward the Bergman cyclization was not researched. 

Photochemistry o f nitrogenous enediynes was not attempted. Finally, the effect o f a fused 

aromatic ring was not studied through the comparison o f quinoxaline and pyrazine starting 

materials.

Scheme 10"

20

hy

i-PrOH

,0H
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3.3 Results and Discussion

Scheme 11

CCI4 , H.donor 

hvor200°C

CCI4 , H-donor 

hvor200°C

hvor200°C

The initial objective o f this study was to thermally and photochemically cyclize the 

enediyne analogues in the presence o f an hydrogen donor (Scheme 11). These reactions were 

completed, however, difficulty arose during the identification o f the products. GC-MS 

eventually revealed that the enediyne starting material and the cyclized products coeluted on the 

GC and GC-MS, and could not be resolved. This made identification and isolation o f the 

products virtually impossible. It was concluded that alternative cyclization conditions would 

have to be employed. Kim and Russell had successfully thermally cyclized enediynes in carbon 

tetrachloride, and isolated the dichloride products. According to Turro and Evenzahav, it was
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proposed that irradiation in carbon tetrachloride should yield cyclized products in the same 

manner as irradiation in other solvents.'" All cyclizations were completed in carbon tetrachloride 

and the dichlorinated products were characterized by GCMS and '̂ C NMR spectroscopy 

(Scheme 12). More specifically, photochemical cyclizations were monitored hourly by GC to 

determine optimum reaction times, while thermal cyclizations were reacted for twelve hours, and 

then evaluated by GC. Initially^ thermal reactions were performed at 165°C, as in the literature 

reference.^  ̂This temperature produced no reaction after 48 hours, which is a typical half-life time 

for the unhindered enediynes.^^ To compensate for the steric interactions o f the acetylenic 

substituents, the reaction temperature was increased to 200°C, however, this temperature also 

failed to produce the desired cyclized products.

Scheme 12

57

CCI4 , hv or 

CCI4 , 200°C

CCI4 , hv or 

CCI4 ,200“C

71R = TMS 
72R = C(CH3)20H 
73 R = Ph 
74R = H

75R = TMS 
76R = C(CH3)20H 
77 R = Ph
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CCI4 , hv or
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Initially, photochemical cyclizations were carried out in a quartz tube protected with a 

Pyrex shield. This procedure was modified to determine the effect o f the shield on the reactivity, 

entries 1 and 11 Table Four, pg 50. Polymerization was found to be a major side reaction. It was 

determined that in addition to calculation o f the cyclization yield, that the disappearance of 

starting material should also be calculated. This was accomplished through calculation o f the 

conversion yield. Section 4.2.4. The overall cyclization yield remained unaffected by the 

presence or absence o f  the shield, however, the conversion yield and the major product observed 

from polymerization was greatly increased in the absence o f the shield.

Photochemical products observed via GC and GC-MS were not easily isolated, due to the 

low yields and similar polarity to their respective starting materials. Many attempts at 

chromatography failed to isolate the cyclized products observed by GC-MS. As an alternative, 

the response factor for the enediyne starting materials were calculated using a standard method.’ -̂ 

”  Since the chemical formulae o f the enediynes and cyclized products differed only by two 

chlorine atoms, the response factors could be used to calculate the molarity o f the product using 

an internal standard. The crude mixture was run on GC with biphenyl as the internal standard 

and cyclized and conversion yields were calculated.’  ̂’^

Once the photochemical and thermal reactions had been completed, and the GC yield 

determined, NMR spectroscopic data was acquired for the crude mixture. Unfortunately, due to 

the high starting material to product ratio, the product peaks were masked by the starting material 

peaks. This made assignment o f the product peaks difficult. Additionally, due to the high 

concentration o f the starting material, concentration effects and peak shifting were observed, 

therefore the starting material peaks could not simply be subtracted fi-om the spectrum. To
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compensate for this, the crude mixtures were subjected to rotary chromatography preceding 

NMR spectroscopy in an effort to remove some o f the interfering materials. This process was 

very successful and "C NMR spectra were obtained for the suspected cyclized products.

Scheme 13

OH

OH

OH

OH

NaH, toluene

reflux

NaH, toluene 

reflux

62

63

OH

NaH, toluene

reflux

OH

In order to complete the areas studied by Kim and Russell, the photoreactivity o f the 

unhindered enediynes required further analysis. To synthesize these enediynes, one o f the 

previously isolated enediynes would have to be deprotected. Literature procedures were
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available for the deprotection o f TMS-ethynyF and 3-hydroxy-3-methylbutynyl substituents/"* 

The 3-hydroxy-3-methylbutynyl staring materials were chosen since the polarity o f the 

unhindered enediyne would be different than the starting material and would allow easy 

separation (Scheme 13).

The deprotections were completed, and isolations completed without trouble. The yields 

for the deprotections o f 60 and 61 were poor, at 7 and 4%, respectively. Enediyne 59 deprotected 

well with a 52% yield. These poor yields were not due to poor conversion o f the starting 

materials, as little starting material was observed on the GC. During the work-up, a large 

quantity o f  dark, insoluble material was observed which suggested that the low yields were due to 

polymerization or degradation o f the starting materials due to the reaction conditions. It was 

concluded that, due to the poor yields and availability o f the enediynes, photochemistry and 

thermal reactions would not be completed for compounds 63 and 64. Irradiation experiments 

were limited to 62 since it was available in larger amounts.

3.3.1 Percent Yield Trends

The yields for thermal and photochemical cyclization reactions are presented in Table 4. 

According to the literature reference, the deprotected analogues (62 and 64) successfully cyclize at 

165°C (Table 4, Entries 5 and 9).̂  ̂The thermal cyclizations did not proceed at 165 or 200°C for 

the related hindered enediynes synthesized in Chapter Two, compounds 59-61 and 65-70. The 

crude mixtures were tested by GC and found to contain only unreacted starting material with little 

evidence o f polymerization. It was concluded that this was largely a steric effect, and that the 

reaction energy was not high enough to overcome the energy of activation for thermal cyclization.
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Reactions at higher temperatures were not attempted, due to the limitations o f the heating bath and 

the stability o f the sealed reaction vessels.

Table 4 - GC yields for cyclization reactions

Photochemical
cyclized/converted

ThermalEnediyne Entry

<1/79

1/20

Ph" (6 6 ) 4/16

H(62)' trace

2/19

0/66

H(64)

3/28

[ < 1%/1

4/100

H (63)

“Without Pyrex shield, "With Pyrex shield

The photochemical cyclizations exhibited very different trends from the thermal reactions.
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The crude mixtures were also subjected to GC and found to have high conversion rates. GC-MS 

indicated that much of the starting materials had been polymerized. The 3-hydroxy-3-methyl- 

substituted enediynes failed to react at all. It was postulated in the previous chapter that internal 

hydrogen bonding may occur within the substituent, which would account for the higher yields in 

the coupling reactions. It was evident from the results o f the cyclization studies that internal 

hydrogen bonding either does not occur, or is not an important factor in the reactivity o f the 3- 

hydroxy-3-methyl-substituted enediynes. Additionally, very little o f the 3-hydroxy-3-methyl- 

substituted enediynes dissolved in the carbon tetrachloride solvent, which may also have been a 

large factor in the poor reactivity.

The TMS enediynes 65,67, and 69, produced their corresponding cyclized products after 

five hours o f irradiation (71,75,78). Compound 65 cyclized with a 1 % yield, while compound 

69 cyclized with a 3% yield. This is an interesting trend, because these results mimic the relative 

reactivities observed for the coupling reactions. This suggested that added nitrogens in the ring 

increase the reactivity toward photochemical cyclizations. Compound 67 cyclized with a 2 % 

yield. This also follows the results o f the coupling reactions. The added aromatic ring was found 

to decrease the reactivity toward coupling reaction for coupling with TMS-acetylene (48) and 

phenyl-acetylene (49). The Ph enediynes 6 6  and 70 produced their corresponding cyclized 

products (73 and 80). The cyclizations for the phenyl-substituted enediynes (66,70) did not 

follow the trend discussed above. Enediyne 6 6  and enediyne 70 both cyclized with a 4 % yield. It 

was expected that yield for the cyclization o f enediyne 70 would be slightly higher due to the 

added nitrogen. It was clear that the presence o f the activating phenyl rings was a more important 

factor than the activation gained by the added nitrogen.
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The cyclizations o f enediynes 67 and 6 8  were interesting. It was expected that the 

cyclization yields for these compounds should lie below the yields observed for the pyrazine 

enediyne derivatives. This was observed for the TMS-substituted enediynes, with a 2 % 

cyclization yield for enediyne 67. This was the result expected based on the reactivity trend 

observed for the coupling reactions. The added aromatic ring in the quinoxaline was found to 

deactivate the compound towards coupling, which produced lower yields than for the pyrazine 

derivatives. This trend was also observed for the cyclizatioii o f enediyne 6 8  compared to the 

cyclization of enediyne 70. It was expected that the deactivating nature o f the quinoxaline 

backbone would produce a lower cyclization yield for enediyne 6 8  than for enediyne 70. These 

results could not be evaluated in terms o f a general trend, however, because enediyne 6 8  failed to 

produce cyclized product (77). From the results, it was unclear if  this lack o f reactivity was due to 

the deactivating nature o f the added aromatic ring in enediyne 6 8  or a result o f the largest cd 

calculated for all the enediynes studied.

In accordance with the results in the photochemical study completed by Turro and 
•-

Evenzahav," it is postulated that the more rigid phenyl rings provided a more attainable singlet 

state o f  excitation over a triplet. The triplet state would lead to photo reduced products, which 

were not observed. Photo reduced products for the TMS substituted enediynes were observed on 

the GC-MS, however, they were not isolated or characterized due to their very low yields. This 

trend did not continue for the photochemical cyclizations o f the TMS and Ph substituted 

quinoxaline starting materials. It was expected that the Ph enediyne would have a higher percent 

yield due to the rigidity o f the phenyl substitution, however, it did not produce any o f the desired 

cyclized product. It was concluded that the electronic state o f the nitrogenous portion o f the
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phenyl enediyne (6 8 ) changed the nature o f the singlet state, and as a result the compound was not 

as reactive as the TMS enediyne (67).

Table 5 - Calculated cd  for Synthesized Enediynes

Enediyne R cd  Ground 
State (A)"

cf/Excited 
State (A)*

TMS (65) 4.067-4.088 3.889

C(CH3)20H (59) ■ 4.085 4.119

Ph (6 6 ) 4.063-4.067 3.637

R H (62) 4.066-4.090 3.901

rr"Ŷ"
TMS (67) 3.349-4.051 4.070

C(CH3 )2 0 H (61) 4.072 3.696

Ph (6 8 ) 4.091-4.137 4.302

H(64) 3.959-4.046 4.046

D
TMS (69) 4.065-4.072 4.120

C(CH3)20H(60) 4.078 4.120

Ph(70) 4.040-4.059 3.869

R H (63) 4.025-4.082 3.838

“ MM2, MOPAC, * MOPAC

By examination o f the cd  calculated for the excited singlet states listed for the compounds 

in Table 5, it was observed that all o f the distances are higher than the thermal stability limit of 

25°C. All compounds were subjected to energy minimization calculations for the singlet state,
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since this was the state that is proposed as the transition state for photochemical reactions.

Ground state calculations are also included in Table 5, because Nicolaou’s evidence for thermal 

reactivity was based on the ground state cd  values that were calculated and observed using X-ray 

structures. There is no trend, however, to explain, in terms o f cd, why the deprotected enediynes 

(62 and 64) could thermally cyclize, while their hindered counterparts could not, since the 

estimated cd  were close in value.

The photoreactive TMS- and phenyl-substituted enediynes had estimated cJ between 

3.889 and 4.302Â. The cd  range for compounds that did not cyclize was more difficult to 

interpret. All o f  the 3-methyl-3-hydroxy-substituted enediynes (59,61,60) had calculated cd  

between 3.696 and 4.120Â, although, they were closer to the upper limit o f the range. It was 

unclear i f  their lack o f reactivity was due to their larger cd, poor solubility, less reactive singlet 

state, or a combination o f these factors. It was surprising that the H-substituted enediyne (62) 

with a calculated cd  o f  3.901 Â did not photochemically cyclize, since this value falls in the 

middle o f  the cd  range for successful cyclizations for the TMS and phenyl substituted pyridine 

enediynes. Similar to the 3-methyl-3-hydroxy-substituted enediynes, it was concluded that H- 

substitution must have altered the nature o f the singlet state, rendering it less reactive. The lack of 

reactivity may be a factor o f the non-rigid acetylenic units, thus reducing the quantum yield. 

Additionally, unlike the thermal reactions, the data suggested that the reaction energy required for 

the photochemical cyclization was not dependent on the cd.

3.3.2 Conclusion

The nature o f  the cyclization reactions o f nitrogenous aromatic enediynes was investigated
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through thermal and photochemical reactions. It was observed that thermal reactions did not 

proceed for the hindered enediynes as reported in the literature for the unhindered analogues. This 

was attributed to the steric demands o f the alkynyl substituents. Photochemical reactions did 

proceed, however, with low yields. The percent yield trends suggested an inverse relationship 

with steric demand o f the alkynyl substituents. It was concluded that the more important factor in 

photochemical reactivity is rigidity o f the alkynyl substituents. This result agrees with those 

reported in the literature. Additionally, photoreduction was not observed for the phenyl 

substituted enediynes, while it was observed in the TMS substituted reactions. Calculations 

coupled with experimental evidence also questions the validity o f the cd  distance as a predictor of 

potential cyclization. The thermal stability o f the nitrogenous enediynes coupled with their 

photoreactivity make them a good candidate for cell line trials used in conjunction with 

photodynamic techniques. Future work should include optimization o f the photochemical 

reaction and toxicity studies.
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CHAPTER FOUR 

EXPERIMENTAL

4.1 General Experimental Techniques. Instrumentation and Materials

All experiments were performed in Game-dried flasks under positive pressure o f Nj 

unless otherwise stated in the procedure. Coupling reactions were performed in 15 mL Ace 

pressure tubes, flame-dried under Nj. Thermal cyclizations were performed in 38 mL Ace 

pressure tubes which had been flame-dried under N;. Photochemical cyclizations were 

performed in quartz tubes flame-dried under Njand irradiated with a Hanovia 200 W medium 

pressure Hg arc lamp at 25 ± 1°C. Liquid, moisture and air sensitive reagents were introduced to 

reaction mixtures through rubber septa using a syringe. All reactions were completed under inert 

atmospheres o f nitrogen or argon, and all yields reported are isolated yields unless otherwise 

stated.

Solvents used for experiments were subjected to drying prior to use. Specifically, 

tetrahydrofuran (THF) was distilled from potassium, dichloromethane (CHjCy was dried over 

molecular sieves for six hours, triethylamine (EtjN) and diisopropylamine ((Tr)2 NH) were dried 

over calcium hydride and distilled from P2 O5  as was carbon tetrachloride (CCI4). Reaction 

progress was monitored using analytical thin layer chromatography (TLC) and gas- 

chromatography (GLC).

TLC was performed on silica gel o f 5-17 pm particle size, 60 Â pore size and a thickness 

o f 250 pm with a 254 nm fluorescent indicator. Preparative TLC was performed on 150 Â silica
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gel plates o f  1000 pm thickness. The solvents used are reported in parentheses and the 

concentrations were calculated by volume. Visualization o f spots was achieved by viewing 

under UV light. GLC was performed on a Hewlett Packard 5890 equipped with a flame 

ionization detector (FID) using a 30 m by 0.25 mm DB-5HT column composed of (%5 phenyl) 

methylpolysiloxane. The carrier gas was nitrogen with a flow rate o f 2.0 mL/min. Gas 

chromatography-mass spectrometry (GC-MS) was used to identify the mass o f GC peaks. GC- 

MS was performed on a Hewlett Packard 5890 series II gas chromatograph equipped with a DB- 

5HT column and helium as the carrier gas. This system had a linear velocity o f 35 cm/s. The 

GC was fitted to a VG Micromass Autospec mass spectrometer with a range o f 52 to 510 mass 

units and a resolution o f 3000 at an ionizing energy o f 70 eV. Mass spectral data are reported as 

follows: parent ion (relative intensity), m/e o f significant fragments (relative intensity).

Excess solvents were removed in vacuo on a Buchi rotary evaporator at pressures 

obtained by a water aspirator. All crude samples and purified compounds were stored in a 

freezer under nitrogen at -10°C. Reaction mixtures were purified by liquid chromatography. 

Separation was attained using 70 - 230 mesh silica gel, treated with approximately 1 mL of 

triethylamine. The solvent system used for separation was determined by analytical TLC. Often 

purity was obtained using a Harrison research chromatotron following flash chromatography. 

Chromatotron plates o f  1mm and 2mm were used depending on the weight o f crude material and 

composed o f TLC grade silica gel mesh 5-40 |im  with a gypsum binder and fluorescent indicator.

Proton nuclear magnetic resonance (' H NMR) spectra were obtained on a Yarian Unity 

Inova 500 MHz NMR at room temperature. Deuterated chloroform (CDCI3 ) was the solvent 

used with an internal standard o f 1% tetramethylsilane (TMS). Chemical shift values are
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reported in parts per million (ppm) in the form: chemical shift (multiplicity, coupling constant in 

Hz, integration). ’̂ C NMR spectra were obtained on the same instrument, using the same 

solvent. CDCI3 ((577.0) was used as the internal standard, with values reported in ppm 

downfield from TMS.

Infrared spectra were collected on a Bruker IPS Fourier transform infrared (FTIR) 

spectrophotometer. Spectra o f liquid compounds were measured neat on NaCl plates, while solid 

compounds were measured as KBr discs. The data are reported for significant peaks in 

reciprocal centimetres. Ultraviolet spectra were recorded for all enediynes on a Perkin-Elmer 

Lambda 11 spectrometer, in CHjClj. Wavelengths o f significant peaks are reported as their 

maximum absorption in nanometers with their corresponding molar absorptivities (€). Elemental 

analysis were recorded on a CEC 240-XA elemental analyser and are reported as percentages by 

weight.

Competitive rate reactions were monitored by High Pressure Liquid Chromatography 

using a Varian Prostar HPLC equipped with a 410 model autosampler, PDA detector and a 

220/230/240 solvent delivery module. The solvent system used was dependant on the identity of 

the compounds to be separated and was conducted on a 25 cm Chromspher 5 C8  or a 25 cm 

Zorbax SB-C18 high performance column.

Tetrakis(triphenyIphosphine)palladium(O) was synthesized using a published procedure 

and was stored in the freezer.® Compounds 38 and 46 were prepared as in literature references 

and were compared to the values contained within those references. All compounds without a 

supplied procedure were purchased from Aldrich.
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4.2 Preparations

4.2.1 Procedures for the Preparation o f Starting Materials

2,3-Di(trifluoromethylsulfonyI)pyridine (35). 2,3-Dihydroxy pyridine (246 mg, 2.21 mmol) 

was dissolved in dry pyridine (7.0 mL) in a round bottom flask. The solution was cooled to 0°C 

under an Nj atmosphere. Trifluoromethane sulfonic anhydride (0.83 mL, 4.9 mmol) was added 

dropwise over 30 minutes. The solution was allowed to warm to room temperature and stirred 

under N; for 3 days. The reaction was quenched with cold water (10.0 mL) and extracted three 

times with CHgCl; (10 mL). The organic extracts were washed three times with equal volumes 

o f water, 10% HCl, water, brine and dried over MgSO^. Volatile solvents were removed with 

rotary evaporation under reduced pressure. The black oily residue was subjected to column 

chromatography to give a yellow oil (665 mg, 80%).

TLC (20% EtOAc in hexanes): R^= 0.39; IR (neat): 3087,2360,1436,1221,1092; NMR 

(CDCI3): Ô 8.41 (m, IH), 7.90 (dt, J = 8 ,2  Hz, IH), 7.52 (dd, J = 13,5 Hz, IH); »C NMR 

(CDCI3): Ô 147.3,147.2,135.6,133.7,125.4,118.5; MS: 375 (M \45), 279 (20), 214(60), 149 

(100)

23-Di(methanesulfonyl)pyridine (36). 2,3-dihydroxy pyridine (337 mg, 3.0 mmol) and DMAP 

(18.4 mg, 0.15 mmol) were dissolved in dry CH^Cl; (10.0 mL) and TMEDA (1.36 mL, 9.0 

mmol) in a round bottom flask. The solution was cooled to 0°C under an Nj atmosphere. 

Methanesulfonyl chloride (0.40 mL, 4.6mmol) was added dropwise. The solution was stirred
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under Nj at 0°C for 4 hours. Excess methanesulfonyl chloride was decomposed with addition of 

TMEDA (0.08 mL, 0.5 mmol) The reaction was quenched with cold water (10.0 mL) and 

extracted four times with CHjClj (10 mL). The organic extracts were washed once with equal 

volumes o f water, brine and dried over MgSO^. Volatile solvents were removed with rotary 

evaporation under reduced pressure. The brown oily residue was subjected to column 

chromatography to give a pale yellow crystal after subjecting to reduced pressure (463 mg, 58%). 

TLC (30% EtOAc in hexanes): R^= 0.14; IR (KBr): 3036,2941,1675, 1438,1366,1178; 'H 

NMR (CDCI3 ): Ô 8.20 (m, IH), 7.79 (m, IH), 7.31 (m, IH), 3.52 (s, 3H), 3.27 (s, 3H); '̂ C NMR 

(CDCI3 ): Ô 149.7,146.0,136.2,134.9,124.1,41.6,39.2; MS: 267 (M+, 10), 188 (27), 160 (40), 

82 (100)-CHN (C^HgNOgSz): Calculated: C 31.46, H 3.40, N 5.24; Found: C 31.26, H 3.29, N 

5.16.

2-bromo-3-trifluoromethanesuIfonylpyridinate (38).^  ̂ 2-Bromo-3-pyridinol (1.02 g, 5.84 

mmol) was dissolved in CHgCl; (15.0 mL) in a round bottom flask. The flask was purged with 

Aras it was cooled to 0°C in a ice/salt/water bath. Trifluoromethanesulfonyl anhydride (1.21 

mL, 7.20 mmol) was added dropwise via syringe over 15 minutes with stirring. The solution was 

allowed to warm to room temperature and stirred overnight. The volatile solvents were removed 

by rotary evaporation under reduced pressure. The residue was purified by column 

chromatography to give a yellow oil (1.69 g, 95%).

TLC (30% EtOAc in hexanes); R^= 0.54;'H NMR (CDCI3): Ô 8.41 (dd, J =  5 ,2  Hz, IH), 7.68 

(dd, J =  8 ,2  Hz, IH), 7.40 (dd, J =  8 ,5  Hz, IH); "C NMR (CDCI3): ô 149.9,145.0,136.1,

131.0,124.2,117.5; MS: 305 (M+ 35), 144 (35), 96 (100)
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2-bromo-3-methanesulfonylpyridmate (37). 2-Bromo-3-pyridinol (1.02 g, 5.83 mmol) was 

dissolved in CHjClj (15.0 mL) in a one neck 50 mL round bottom flask. DMAP (44.5 mg, 0.36 

mmol) and TMEDA (2.2 mL, 18.0 mmol) were added. The flask was purged with Aras it was 

cooled to 0°C in a ice/salt/water bath. Methanesulfonyl chloride (0.70 mL, 9.0 mmol) was added 

dropwise via syringe over 10 minutes while stirring. The solution was allowed to warm to room 

temperature and stirred overnight. The volatile solvents were removed by rotary evaporation 

under reduced pressure. The residue was purified by column chromatography to give a yellow 

oil (1.23 g, 84%).

TLC (30% EtOAc in hexanes); R^= 0.30; IR (neat): 3031,2937,1732,1567,1445,1375,1175  

*H NMR (CDCI3 ): Ô 8.31 (m, IH), 7.72 (m, IH), 7.33 (m, IH), (s, 3H); "C NMR (CDCI3 ): ô

148.3,144.1,136.0,132.4,124.1,39.6; MS 251 (M % 55), 172 (100), 144(60)

3-chloro-2-trifluorometbanesulfonylpyridinate (53).^  ̂ 2-Chloro-3-pyridinol (1.01 g, 7.72 

mmol) was dissolved in CHjClj (15.0 mL) in a round bottom flask. The flask was purged with 

Ar as it was cooled to 0°C in a ice/salt/water bath. Trifluoromethanesulfonyl anhydride (1.21 

mL, 7.20 mmol) was added dropwise via syringe over 15 minutes with stirring and argon purge. 

The solution was allowed to warm to room temperature and stirred overnight. The volatile 

solvents were removed by rotary evaporation under reduced pressure. The residue was purified 

by column chromatography to give a yellow oil (2.02 g, 99%).

TLC (30% EtOAc in hexanes); R^= 0.46; *H NMR (CDCI3 ): Ô 8.43 (s, IH), 7.71 (m, IH), 7.38 

(m, IH); '"CNMR(CDCl3 ): ô  148.9,144.5,143.0, 131.5,123.9, 117.4; MS: 260 (M" 65), 197 

(45), 93 (100)
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2-Cyanoaziridine (46). ° Methanol (18.0 mL) was stirred in an one-necked 100 mL round 

bottom flask and cooled to 0°C in an ice/salt/water bath. The MeOH was saturated with NH 3  

over an hour, and 2,3-dibromopropionitrile (2.34 mL, 23.0 mmol) was added dropwise over 

twenty minutes, via syringe. The mixture was stirred at 0°C for one hour and then allowed to 

warm to room temperature. Triethanolamine (6.1 mL, 46 mmol) was added and the solution 

was refluxed for four hours and stored in the freezer overnight. The solution was vacuum 

filtered, and washed with 1 M H2 SO4  (2 mL), saturated NaHC0 3  (10 mL), and then extracted 

with ethyl acetate (15 mL, 5 times). The solvent was removed by rotary evaporation. Product 

was vacuum distilled at 50°C and 0.2 Torr, to give a clear, colourless oil (271 mg, 17%)

’H NMR (CDCI3): Ô 2.44 (m, IH), 2.12 (m, 2H), 0.99 (broad s, IH); "C NMR (CDCI3); ô  119.7,

25.8,25.2 (invertomere), 15.0,14.2.

General Procedure for Estérification o f lodobenzoic Acids

A three-necked round bottom flask, equipped with a magnetic stir-bar was flame-dried 

under nitrogen. 3- or 4-iodobenzoic acid (2.5 - 8.0 mmol) was added to the flask and thionyl 

chloride (0.22 - 0.7 mL, 3 - 9.6 mmol) was added dropwise via syringe over thirty minutes. The 

mixture was refluxed at 80°C for 50 minutes and then cooled below 25°C in an ice/water bath. 

Anhydrous alcohol was then added dropwise via syringe and the mixture was refluxed at 80°C 

for 30 minutes. The reaction was quenched with 20 mL of ice water and frozen overnight. The 

mixture was extracted three times with ether (30 mL), and washed with saturated NaHC0 3  (20 

mL), and saturated NaCl (20 mL). The organic extracts were dried over MgS0 4 , filtered and 

excess solvent removed with rotary evapouration. Purity was assessed using GC and 'H NMR.
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MethyI-3-iodobenzoate(54)

3 -iodobenzoic acid (2.0 g, 8.0 mmol), thionyl chloride (0.7 mL, 9.6 mmol), methanol (1.6 mL, 38 

mmol). Product was isolated as a yellow oil (1.3 g, 63%)

*H NMR (CDCI3 ); Ô 8.13 (t, J = 1.5 Hz, IH), 7.75 (dd, J = 6.5,1.0 Hz, IH), 7.63 (dd, J = 6.5,1.0  

Hz, IH), 7.00 (s, IH), 3.68 (s, 3H); NMR (CDCI3 ): ô 165.9,141.9,138.6,132.0,128.9, 93.4, 

52.5; MS: 262 (M+, 99%), 231 (100), 203 (75), 76 (73)

Methyl-4-iodobeiizoate (55)

4-iodobenzoic acid (1.3 g, 5.4 mmol), thionyl chloride (0.54 mL, 6.4 mmol), methanol (1.3 mL, 

30 mmol). Product was isolated as a yellow crystalline solid (0.58 g, 42%)

'H NMR (CDCI3): Ô 7.90 (dt, J = 8.5,2.0 Hz, 2H), 7.74 (dt, 8.5,2.0 Hz, 2H), 3.91 (s, 3H); "C 

NMR (CDCI3): Ô 180.2, 138.5,137.9, 137.8, 131.9, 52.4; MS: 262 (MT, 90%), 231 (100), 203 

(70), 76 (75)

Ethyl-3-iodobeiizoate (56)

3-iodobenzoic acid (0.61 g, 2.5 mmol), thionyl chloride (0.22 mL, 3.0 mmol), ethanol (0.69 mL, 

12 mmol). Product was isolated as a yellow/brown oil (0.59 g, 8 6 %)

'H NMR (CDCI3 ): Ô 8.37 (s, IH), 8.00 (d, IH), 7.86 (d, IH), 7.17 (t, 1 H), 4.36 (quart, 2 H), 1.39 

(t, 3 H); "C NMR (CDCI3 ): Ô 165.1,141.7, 138.5, 132.5,130.1, 128.8,93.1,61.5, 14.4; MS: 275 

(M% 85%), 247 (80), 231 (100), 203 (65), 76 (80)
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£thyl-4-iodobenzoate (57)

4-iodobenzoic acid (0.61 g, 2.5 mmol), thionyl chloride (0.22 mL, 3.0 mmol), ethanol (0.69 mL, 

12 mmol). Product was isolated as a yellow oil (0.35 g, 50%)

‘H NMR (CDClj): ô  7.77 (dd, J = 15.5,9.0 Hz, 4H), 4.36 (q, J = 7.0 Hz, 2H), 1.38 (t, J = 7.0, 

3H); "C NMR (CDCI3): ô  166.2,137.8,131.1,130.1,61.4,14.4; MS: 276 (M+, 80%), 248 (85), 

231 (100), 203 (70), 76 (75)

4.2.2 Procedures for Soneashira Coupling Reactions

3-chloro-2-trimethyIsilylethynylpyridme.^^ A 15 mL Ace pressure tube was charged with 

diisopropylamine (13.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPhg) 4  (53 mg, 

0.05 mmol), 2,3-dichloropyridine (503 mg, 3.4 mmol), and trimethylsilylacetylene (1.2 mL, 8.5 

mmol) were added and the tube was sealed. The solution was stirred at 170°C for 13 hours. The 

solution was filtered through a silica plug (1:9 EtOAc :hexane). The product was isolated via 

column chromatography followed by a chromatatron as a pale yellow oil (346 mg, 49%).

TLC (10% EtOAc in hexanes) R^= 0.39; IR (neat);; ‘H NMR (CDCI3 ): Ô 8.45 (m, IH); 7.70 (m, 

IH); 7.19 (m, IH); 0.29 (s, 9H); '^C NMR (CDCI3 ): Ô 147.8,141.8,138.9, 136.8,123.8,101.3, 

100.4, 0; MS: 209 (M % 55), 194 (100), 130 (20), 63 (22).

2,3-bis-(trimethylsilylethynyl)pyridme (65).^  ̂A 40 mL Ace pressure tube was charged with 

diisopropylamine (20 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  (64.4mg, 

0.04 mmol) Cul (67.7 mg, 0.40 mmol), 2-bromo-3-trifluoromethanesulfonylpyridine (620.7 mg,
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2.04 mmol), and trimethylsilylacetylene (0.96 mL, 6 . 8  mmol) were added and the tube was 

sealed. The solution was stirred at 100°C for 13 hours. The solution was filtered through a silica 

plug (1:9 EtOAc:hexane). The product was isolated via column chromatography as a dark 

yellow oil (410.9 mg, 74%).

TLC (15% EtOAc in hexanes) R^= 0.41; IR (neat): 2961,2899,2166,1544; UV (CH^Cl;): =

264 (e  = 24000), 270 (25000), 276 (24000); ‘H NMR (CDCI3): ô 8.45 (d, 7 =  5 Hz, IH); 7.71 (d, 

J =  8  Hz, IH); 7.14 (dd, J =  8 , 5 Hz, IH); 0.26 (s, 9H); 0.25 (s, 9H); "C NMR (CDCI3): ô 148.8, 

144.8,139.5,122.8,122.2,102.2,101.9,100.8,99.2,0; MS: 271 (M % 25) 256 (100), 212 (7), 73 

(93).

23-bis-(2-methyl-3-butyn-2-ol)pyridme (59).^  ̂A 40 mL Ace pressure tube was charged with 

diisopropylamine (20.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  (58.9 mg, 

0.05 mmol), Cul (56.7 mg, 0.30 mmol), 2-bromo-3-trifiuoromethanesulfbnylpyridine (597.6 mg,

1.96 mmol), and 2-methyl-3-butyn-2-ol (0.48 mL, 5.0 mmol) were added and the tube was 

sealed. The solution was stirred at 100°C for 18 hours. The solution was filtered through a silica 

plug (1:1 EtOAc:hexane). The product was isolated via flash chromatography as a yellow solid 

(362.9 mg, 76%).

TLC (50% EtOAc in hexanes); R^= 0.11; IR (KBr): 3355,2977,2927,2236, 1422, 1168;UV 

(CH3 CI2 ): = 256 (e  = 23000), 260 (28000), 268 (25000); ’H NMR (CDCI3): Ô 8.16 (m, IH);

7.40 (m, IH); 6.92 (m, IH); 4.29 (broad s, 2H); 1.33 (m, 12H); »C NMR (CDCI3): Ô 144.6,

138.0, 122.5,121.7,121.6, 101.1,98.3,79.6,77.6,64.6,64.5 30.8,30.7; MS: 243 (M \  25) 210 

(100), 200 (25), 183 (20), 167 (55).
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CHN calculated (CigNO^H,?): C 74.03, H 7.05, N 5.76; Found: C 74.01, H 7.36, N 5.26.

2'3-bis-(phenylethynyl)pyridine (6 6 ).̂  ̂A  15 mL Ace pressure tube was charged with 

diisopropylamine (10.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  (34.5 mg, 

0.03 mmol), Cul (34.2 mg, 0.18 mmol), triphenylphosphine (65.3 mg, 0.25 mmol), 2-bromo-3- 

trifluoromethanesulfbnylpyridine (330.6 mg, 1.08 mmol), and phenylacetylene (0.40 mL, 3.64 

mmol) were added and the tube was sealed. The solution was stirred at 100°C for 13 hours. The 

solution was filtered through a silica plug (1:9 EtOAc:hexane). The product was isolated from 

flash chromatography as a brown oil (121.2 mg, 40%).

TLC (10% EtOAc in hexanes): R^= 0.11; IR (neat): 3056,2361,2219,1492,1420; UV (CH^Cl;): 

= 272 (e = 32000), 276 (28000), 311 (22000); ‘H NMR (CDCI3 ): ô  8.54 (m, IH); 7.83 (m, 

IH); 7.63 (m, 2H); 7.58 (m, 2H); 7.36 (m, 6 H); 7.22 (m, IH); "C NMR (CDCI3 ): Ô 148. 8 ,

145.1,138.9,132.2,131.8,129.2,129.0,128.6,123.1,122.7,122.4,122.1,96.2,93.5, 88.0,

85.1; MS: 279 (M+, 100) 250 (11), 150 (6 ), 139 (14), 76 (5).

2,3-bis-(trimethylsiIylethynyI)quinoxalme (67).^  ̂A 40 mL Ace pressure tube was charged with 

diisopropylamine (20.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  (81.2 mg, 

0.07 mmol), Cul (87.6 mg, 0.46 mmol), 2,3-dichloroquinoxaline (800.0 mg, 4.02 mmol) and 

trimethylsilylacetylene (1.70 mL, 12.0 mmol) were added and the tube was sealed. The solution 

was stirred at 100°C for 18 hours. The solution was filtered through a silica plug and charcoal 

plug (10% EtOAc in hexane). The product was isolated using flash chromatography followed by 

rotary chromatography as a yellow solid (530.9 mg, 40%).
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TLC (10% EtOAc in hexanes): R^= 0.41; IR (KBr): 2957,2899,2162,1328,1248; UV 

(CH2 CI2 ): =  264 (€ = 124000), 268 (159000), 271 (140000), 356 (32000), 373 (40000); 'H

NMR (CDCI3 ): Ô 8.02 (m, 2H); 7.73 (m, 2H); 0.33 (s, 18H); "C NMR (CDCI3 ): Ô 140.5,140.3,

131.2, 129.0,102.4,100.9, 0; MS: 322 (M % 70), 307 (100), 263 (6 ), 146 (19), 73 (75); CHN 

calculated (C„N 2 Si2 H2 2 ): C 67.08, H 6.83, N  8.69; Found: C 66.34, H 6.58, N  8.20.

2,3-bis-(2-methyl-3-butyii-2-oI)quinoxaline (61).^  ̂A 15 mL Ace pressure tube was charged 

with diisopropylamine (7.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  23 

mg, 0.02 mmol), Cul (20 mg, 0.11 mmol), 2,3-dichloroquinoxaline (202mg, 1.01 mmol) and 2- 

methyl-3-butyn-2-ol (0.24 mL, 2.5 mmol) were added and the tube was sealed. The solution was 

stirred at 80°C for 13 hours. The solution was filtered through a silica plug and charcoal plug 

(100% EtOAc). The product was isolated using flash chromatography as a white solid (229mg, 

77%).

TLC (50% EtOAc in hexanes): R^= 0.30; IR (KBr): 2981,2931,2224,1634,1341; UV 

(CH2 CI2 ): X ^  =  264 (e  = 70000), 268 (68000), 351 (20000), 368 (24000); >H NMR (CDCI3 ): ô 

8.01 ppm (m, 2H); 7.72 ppm (m, 2H); 4.42 ppm (broad s, 2H); 1.70 ppm (s, 12H); ’̂ C NMR 

(CDCI3 ): Ô 140.7,140.3,131.1,129.0,101.2,79.6,65.9,31.1; MS: 294 (M % 35), 279 (85), 261 

(100), 251 (45), 234 (25), 218 (40); CHN calculated (C„ 0 2 N2 H J : C 73.45 H 6.16 N 9.52; 

Found: C 73.10, H 6.30, N  9.00.

23-bis-(phenyIethynyl)quinoxalme (6 8 ).̂  ̂A 15 mL Ace pressure tube was charged with 

diisopropylamine (5.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  (19 mg,
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0.02 mmol), Cul (21 mg, 0.11 mmol), 2,3-dichloroquinoxaline (210 mg, 1.05 mmol) and 

phenylacetylene (0.27 mL, 2.5 mmol) were added and the tube was sealed. The solution was 

stirred at 80°C for 18 hours. The solution was filtered through a silica plug and charcoal plug 

(10% EtOAc in hexane). The product was isolated using flash chromatography as a brown solid 

(64 mg, 17%).

TLC (10% EtOAc in hexanes): R^= 0.34; IR (KBr): 2922,2851,2202, 1353,1121; UV 

(CH2 CI2 ): = 263 (€ = 56000), 287 (8000Ô), 296 (70000), 301 (64000), 384 (24000); ‘H

NMR (CDCI3 ): Ô 8.07 (m, 2H); 7.75 (m, 2H); 7.69 (m, 4H); 7.39 (m, 6 H); "C NMR (CDCI3 ): ô

141.0,140.6,132.5,131.0,130.0,129.0,128.7,121.7,96.0, 86.9; MS: 330 (M % 100), 203 (60), 

165 (25), 127 (25), 76 (20); CHN calculated (C2 4 N 2 HM): C 87.3, H 4.24, N  8.48; Found: C 63.7, 

H 6 .6 8 , N  8.06.

2,3-bis-(trimethylsilyIethynyl)pyrazme (69).^  ̂A 15 mL Ace pressure tube was charged with 

diisopropylamine (10.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  (36.6 mg, 

0.03 mmol), Cul (33.6 mg, 0.18 mmol), 2,3-dichloropyrazine (0.21 mL, 2.02 mmol) and 

trimethylsilylacetylene (1.00 mL, 7.08 mmol) were added and the tube was sealed. The solution 

was stirred at 115°C for 18 hours. Solution was filtered through a silica and charcoal plug (1:9 

EtOAc :hexanes). Product was isolated using flash chromatography followed by rotary 

chromatography as a yellow oil (407.9 mg, 74 %).

TLC (10% EtOAc in hexanes): R^= 0.29; IR (neat): 2961, 2899,2170,1519,1370,1249; UV 

(CH2CI2): A ^  = 265 (€ = 20000), 281 (18000), 305 (12000), 326 (10000); 'H NMR (CDCI3): Ô

8.40 (s, 2H); 0.27 (s, 18H); '"C NMR (CDCI3): ô 142.5,141.4,103.0,100.2, 0; MS: 272 (M %

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30), 257 (100), 108 (15), 73 (95).

2,3-bis-(2-methyl-3-bufyn-2-ol)pyrazine (60).^  ̂A 15 mL Ace pressure tube was charged with 

diisopropylamine (5.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPhg) 4  (15 mg,

0.01 mmol), Cul (19 mg, 0.10 mmol), 2,3-dichloropyrazine (0.10 mL, 0.96 mmol) and 2-methyl-

3-butyn-2-ol (0.34 mL, 3.5 mmol) were added and the tube was sealed. The solution was stirred 

at 120°C for 18 hours. Solution was filtered through a silica plug and charcoal plug (1:1 

EtOAc:hexanes). Product was isolated, using flash chromatography, as a pale yellow solid (178 

mg, 76%).

TLC (50% EtOAc in hexanes): R^= 0.16; IR (KBr): 2983,2932,2233,1397,1155; UV 

(CH2 CI2 ): = 256 (e  = 12500), 264 (14000), 268 (12000), 303 (10000), 312 (9500), 316

(9500); 'H NMR (CDCI3): ô 8.39 (s, 2H); 4.34 (broad s, 2H); 1.64 (s, 12H); "C NMR (CDCI3):

Ô 142.3,141.7,101.6, 78.6,65.6,31.0; MS: 244 (M % 15), 229 (42), 211 (100), 201 (30), 183 

(45), 169 (37); CHN calculated (CMN2 0 2 H,J: C 68.82, H 6.61, N  11.47. Found: C 66.11, H 6.57, 

N 9.93.

2y3-bis-(phenylethynyl)pyrazine (70).^  ̂A 15 mL Ace pressure tube was charged with 

diisopropylamine (6.0 mL) and degassed with Ar bubbling for 10 minutes. Pd(PPh3 ) 4  (17 mg, 

10%), Cul (16 mg, 10%), 2,3-dichloropyrazine (0.11 mL, 1.1 mmol) and phenylacetylene (0.35 

mL, 3.2 mmol) were added and the tube was sealed. The solution was stirred at 100°C for 13 

hours. Solution was filtered through a silica plug and charcoal plug (1:9 EtOAc:hexanes). The 

product was isolated, using flash chromatography, as a pale yellow solid (138 mg, 52%).
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TLC (10% EtOAc in hexanes); R^= 0.11; IR (KBr); 3047,2923,2201,1596, 1491,1369; UV 

(CH2 CI2 ): = 3 1 2 (6 =  44000), 320 (40000), 326 (44000); ‘H NMR (CDCI3 ): ô 8.48 (s, 2H);

7.64 (m, 4H); 7.37 (m, 6H);"C NMR (CDCI3 ): ô 142.4,142.0,132.3,129.8,128.6,121.8, 96.4, 

86.1; MS: 280 (NT, 100), 253 (10), 207 (6 ), 140 (15), 127 (99), 75 (7); CHN calculated 

(C2 oN2 H,2 ): C 85.69, H 4.32, N  10.00; Found: C 85.10, H 5.10, N 8.94.

4.2.3 Procedures for Alkvnvl Deprotections

General Procedure for Alkynyl Deprotections

A 25 mL round bottom flask was equipped with a magnetic stir-bar and flame-dried under N 2 . 

The flask was charged with 4 mL toluene, 0.5 - 1 mmol enediyne and 15 mg NaH. The solution 

was refluxed for one hour and then half o f  the toluene was distilled from the reaction mixture. 

The solution was filtered and the solvent was removed under reduced pressure. The crude solid 

was diluted in 20 mL CH2 CI2  and washed one time with 10 mL 5% NaHCOg and one time with 

10 mL water. The organic layer was dried with MgSO^, filtered and the solvent was removed 

under reduced pressure. The product was isolated using column chromatography.

2 3 -bis-ethynylpyridine (62)

Product was isolated as a yellow solid (51.3 mg, 52%).

TLC (10% EtOAc in hexanes): I^= 0.13; ’H NMR (CDCI3): Ô 8.50 (m, IH), 7.76 (m, IH), 7.22 

(m, IH), 3.44 (s, IH), 3.38 (s, 1H);"C NMR (CDCI3): ô 149.3,144.4,139.9,122.7,122.2,84.2,

81.2, 81.1,79.5; MS: 127 (M \ 100%), 101 (74), 74 (65).
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2.3-bis-ethynylquinoxaline (64)

Product was isolated as a pale yellow solid (3.3 mg, 4%).

TLC (10% EtOAc in hexanes); R^= 0.17; MS: 128 (M \ 100), 102 (22), 77 (24).

2.3-bis-ethynylpyrazine (63)

Product was isolated as a yellow solid (7.8 mg, 7%).

TLC (10% EtOAc in hexanes): R^= 0.15; MS: 185 (M \ 100), 171 (7), 157 (18), 143 (10).

4.2.4 Procedures for Thermal Cvclizations 

General Procedure for Thermal Cyclizations

A 38 mL Ace pressure tube was flame-dried under Nj. The tube was charged with 20 mL CCI4  

and enediyne (0.10 mmol). The solution was degassed with Ar bubbling for 15 minutes. The 

tube was heated to 200°C until there was no visible change by TLC or GLC. Excess volatiles 

were removed with rotary evaporation. GC yields were calculated using a calculated for each 

enediyne using the formulas:

R^ = (Area enediyne x [biphenyl]) (Area biphenyl x [enediyne])

[cyclized] = (Area cyclized x [biphenyl]) (Area biphenyl x R̂ °)

% cyclized = (mole cyclized) (mole starting material) x 1 0 0 %

% converted = 1 0 0 % - [(mole recovered starting material) ^ (mole starting

material) x 1 0 0 %]
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2.5-dichloro-3,4-bis-(trimethylsilyl)phenazine (75)

2.3-bis-(trimethylsilylethynyl)quinoxaline (30.3 mg, 0.09 mmol). GC yield: 0 %.

2.5-dichloro-3,4-bis-(2-hydroxy-2-propyl)phenazine (76)

2.3-bis-(3-methyl-2-butyn-3-ol)quinoxaline (29.2 mg, 0.10 mmol). GC yield: 0 %.

2.5-dichloro-3,4-bis-(phenyI)phenazine (77)

Not attempted

2.5-dichloro-3,4-bis-(trimethylsilyl)quinoline (71)

2.3-bis-(trimethylsilylethynyl)pyridine (30.3 mg, 0.11 mmol). GC yield: 0 %.

2.5-dichloro-3,4-bis-(2-hydroxy-2-propyl)quinoline (72)

2.3-bis-(3-methyl-2-butyn-3-olethynyl)pyridine (23.5 mg, O.lOmmol). GC yield: 0 %.

2.5-dichloro-3,4-bis-(phenyl)quinoIine (73)

2.3-bis-(phenylethynyl)pyridine (26.9 mg, 0.10 mmol). GC yield: 0 %.

2.5-dichIoro-3,4-bis-(frimethylsilyl)quinoxaline (78)

2.3-bis-(trimethysilylethynyl)pyrazine (27.4 mg, 0.10 mmol). Cyclized product 0 %.
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2.5-dichloro-3,4-bis-(2-hydroxy-2-propyl)quinoxaIine (79)

2.3-bis-(3-methyl-2-butyn-3-olethynyl)pyrazine (24.8 mg, 0.10 mmol). GC yield: 0 %.

2.5-dichloro-3,4-bis-(phenyl)quinoxaIme (80)

2.3-bis-(phenylethynyl)pyrazine (29.8 mg, 0.11 mmol). GC yield: 0 %.

4.2.5 Procedures for Photochemical Cvclizations 

General Procedure for Photochemical Cyclizations

A 40 mL quartz tube was flame-dried under Nj. The tube was charged with 20 mL CCI4  and 

enediyne (0.10 mmol). The solution was degassed with Ar bubbling for 15 minutes. The tube 

was irradiated until there was no visible change by TLC or GLC. Excess solvents were removed 

with rotary evaporation. Purification was performed using rotary chromatography.

2.5-dichloro-3,4-bis-(trimethylsilyl)phenazine (75)

2.3-bis-(trimethylsilylethynyl)quinoxaline (32.3 mg, 0.10 mmol). GC yield: 2 %. 

"CNM R(CDCl3 ): ô  141.6,131.8, 131.5, 131.2,129.6,129.3

2.5-dichIoro-3,4-bis-(2-hydroxy-2-propyl)phenazme (76)

2.3-bis-(3-methyl-2-butyn-3-olethynyl)quinoxaline (29.8 mg, 0.10 mmol). GC yield: 0 %.
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2.5-dichloro-3,4-bis-(phenyl)phenazine (77)

2.3-bis-(phenylethynyl)qviinoxaline (33.2 mg, 0.10 mmol). GC yield; 0 %.

2.5-dichIoro-3,4-bis-(trimethylsilyI)qumoline (71)

2.3-bis-(trimethylsilylethynyl)pyridine (29.2 mg, 0.11 mmol). GC yield: 1 %.

’̂ C NMR spectrum. 'H NMR spectrum to follow.

2.5-dichloro-3,4-bis-(2-hydroxy-2-propyI)quinoline (72)

2.3-bis-(3-methyl-2-butyn-3-olethynyl)pyridine (25.6 mg, 0.11 mmol). GC yield: 0 %.

2.5-dichloro-3,4-bis-(phenyI)qumoIme (73)

2.3-bis-(phenylethynyl)pyridine (29 mg, O.lOmmol). GC yield: 4%

"CNM R(CDCl3 ): ô  171.3, 149.2,132.9,132.5,132.4, 132.1, 131.9,130.9, 130.4,129.9,129.5, 

128.8,128.6,128.5,128.4, 128.3, 127.4,127.1,121.5

2.5-dichloroquinolme (74)

2.3-bis-ethynylpyridine (13.1 mg, 0.10 mmol). GC yield: 0 %.

2.5-dichloro-3,4-bis-(trimethylsilyI)qumoxalme (78)

2.3-bis-(trimethylsilyl)pyrazine (mg, 0.10 mmol). GC yield: 2%

'H NMR (CDCI3): Ô 8.40 (d, J = 2.5 Hz, IH), 8.29 (d, J = 3.0 Hz, IH), 0.51 (s, 9H), 0.44 (s, 9H); 

"C NMR (CDCI3): Ô 151.2,150.9,147.0,145.9,142.4, 142.0,140.8,139.8,1.3,1.1
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2.5-dichloro-3,4-bis-(2-hydroxy-2-propyl)quinoxaline (79)

2.3-bis-(3-methyl-2-butyn-3-olethynyl)pyrazine (24.9 mg, 0.10 mmol). GC yield: 0 %.

2.5-dichIoro-3,4-bis-(phenyl)quinoxaIine (80)

2.3-bis-(phenylethynyl)pyrazine (27.5 mg, 0.10 mmol). GC yield: 4%.

‘̂ CNMR(CDCl3 ): Ô 150.1,150.0,148.9,148.7,145.7,145.5,144.4,144.3,142.5,142.4,141.6, 

141.4,141.1,140.9.

4.2.6 Procedures for Competitive Rate Reactions 

General Procedure for Competitive Rate Reactions

A round bottom flask was flame dried under Nj and charged with THF (2.5mL), biphenyl (1 

mmol), iodobenzene (1 mmol), and 3 or 4-substituted iodobenzene (1 mmol). 7.5 pL was 

extracted and diluted in 0.5 mL MeOH. The solution was filtered through a 0.45 pm syringe disc 

filter and fi-ozen. The round bottom was charged with triethylamine (0.21 mL), Pd(PPh3 )4 , (0.02 

mmol), Cul (0.06 mmol) and trimethylsilylacetylene (1.1 mmol). Immediately following
y

trimethylsilylacetylene addition a 7.5 pL sample was removed and treated as above. Samples 

were regularly extracted every 30 minutes after addition until no change was visible by HPLC. 

Once the experiment had been completed, the concentrations o f the starting materials were 

calculated for each sample using the formula, Aq/Cq = A /C ,, where Aq and Cq are the area and 

concentration in the initial sample. A  ̂and Ĉ  represents the area and concentration o f the in the 

half hour samples. HPLC methods used were previously determined (Table 5-11).
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Table 6: Method of Separation for lodoanilines

Time (min) Flow Rate 
(mL/min)

%Acetonitrile %HzO

initial 1 . 1 40 60

5 1 . 1 40 60

30 1 . 1 55 45

35 1 . 1 1 0 0 0

Table 7: Method o f Separation for lodoanisoles

Time (min) Flow Rate 
(mL/min)

%MeOH %H;0

initial 0.80 70 30

5 0.80 70 30

15 0.80 71 29

30 1 . 0 75 25

40 1 . 0 1 0 0 0

Table 8 : Method o f Separation for lodobenzotrifluorides

Time (min) Flow Rate 
(mL/min)

%Acetonitrile %HzO

initial 0.80 65 35

5 0.80 65 35

30 0.80 1 0 0 0

35 0.80 1 0 0 0
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Table 9: Method of Separation for lodoethylbenzene

Time (min) Flow Rate 
(mL/min)

%Acetonitrile %HzO

initial 1 . 1 48 52

18 1 . 1 48 52

25 1 . 1 49 51

50 1 . 1 1 0 0 0

Table 10: Method o f Separation for lodonitrobenzenes

Time (min) Flow Rate (mL/min) %MeOH %HzO

initial 1 . 1 53 47

5 1 . 1 53 47

30 1 . 1 79 2 1

35 1 . 1 1 0 0 0

Table 11 : Method o f Separation for lodophenols

Time (min) Flow Rate (mL/min) %MeOH %HzO

initial 1 . 1 65 35

5 1 . 1 65 35

30 1 . 1 75 25

40 1 . 1 1 0 0 0
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Table 12: Method of Separation for lodotoluenes

Time (min) Flow Rate (mL/min) %MeOH %HzO

initial 44 56

1 0 44 56

30 46 54

40 48 52

50 1 0 0 0
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APPENDIX

Table 13 - Competitive Rate Experiment Data For lodoanilines versus Iodobenzene

Time (hrs) Peak Area Peak Area Ratio Ratio

meta- H- para- H- [mvm b]/[H]

initial 1 1 . 8 30.1 34.8 7.67 1 . 0 2 1 . 0 1

0 TMS addition 2989 7934 28485 5944 0.59 1.07

0.5 5.74 25.7 29.9 2.54 1 . 0 0 2.63

1 . 0 26.8 6 32.3 2.79 1 . 0 0 2.58

1.5 25.4 5.68 30.7 2.62 1 . 0 0 2.62

Table 14 - Competitive Rate Experiment Data For lodoanisoles versus Iodobenzene

Time (hrs) Peak Area Peak Area Ratio Ratio

meta- H- para- H- [m]/[U] \pvm
initial 25.8 13 10.2 15.2 1.03 1 . 0 2

0 TMS addition 15.5 11.4 7.42 10.4 0.71 1.09

0.5 4.84 6.19 6.28 5.73 0.63 1.67

1 . 0 11.7 9.55 17.8 7.39 0.64 3.66

1.5 11.4 9.4 19.6 8.26 0.63 3.61

2 . 0 10.9 9.01 19.8 8.37 0.63 3.60

2.5 5.39 4.84 19.7 8.39 0.58 3.57
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Table 15 - Competitive Rate Experiment Data For lodobenzotrifluorides versus Iodobenzene

Time (hrs) Peak Area Peak Area Ratio Ratio

meta- H- para- H- [m]/\H\ W/[H]

initial 40.5 47 40.8 11.7 0.99 1.04

0 TMS addition 14.5 8.42 2 2 . 8 7.98 1.98 0 . 8 6

0.5 1 0 . 1 8.53 0 9.02 1.36 0

1 . 0 8.54 8.44 1.16

1.5 5 5.81 0.99

2 . 0 5 7.61 0.76

2.5 5 7.52 0.77

Table 16 - Competitive Rate Experiment Data For lodonitrobenzenes versus Iodobenzene

Time (hrs) Peak Area Peak Area Ratio Ratio

meta- H- para- H- [w]/[H] W/[H]

initial 31.5 7.28 13.9 8.13 1 . 0 2 1.03

0 TMS addition 9812 4628 12.3 7.53 0.50 0.57

0.5 0.131 5.96 0 5.33 0 . 0 1 0

1 . 0 0 5.35 0
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Table 17 - Competitive Rate Experiment Data For lodophenols versus Iodobenzene

Time (hrs) Peak Area Peak Area Ratio Ratio

méta H- para- H- [m]/[H] b]/[H]

initial u x 15.8 18.6 1 0 . 1 1 . 0 1 1 . 0 1

0 TMS addition 12.7 14.2 19.2 9.22 1 . 0 0 1.14

0.5 9.65 8.24 18.5 2.65 1.32 3.82

1 . 0 9.29 7.73 19.1 2.75 1.35 3.80

1.5 1 0 . 2 8.34 19.1 2.59 1.37 4.03

2 . 0 9.3 7.63 19.2 2.69 1.37 3.90

Table 18 - Competitive Rate Experiment Data For lodotoluenes versus Iodobenzene

Time (hrs) Peak Area Peak Area Ratio Ratio

meta- H- para- H- [m]/[H] b]/[H]

initial 6308 6887 1439 1714 1.03 1.03

0 TMS addition 4880 5692 6837 6420 0.96 1.31

0.5 2 . 8 6 3.95 5.33 3.93 0.81 1.67

1 . 0 2 . 8 3.96 4.98 3.75 0.79 1.63

1.5 2.92 4.11 5.47 4.46 0.80 1.51

2 . 0 5.47 4.25 1.58

2.5 5.47 4.25 1 . 6 6
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Table 19 - Competitive Rate Experiment Data For 4-Iodoethylbenzene versus Iodobenzene

Time (hrs) Peak Area Ratio

para- H- M/[H]

initial 15.6 9.29 1.05

0 TMS addition 10229 6084 1.05

0.5 6.81 2.82 1.51

1.0 6.46 2.69 1.50

1.5 6.03 2.45 1.54
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