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ABSTRACT 

 Technological advancement has been an intricate part of the 

development of human civilizations since nomadic people first established 

permanent settlements.  Technology has not only helped to accommodate for 

the increased demand in resources as the population has increased, but has 

also helped in improving the quality of life of many civilizations for 

centuries.  Due to mankind’s ignorance of certain effects of technological 

advancement, however, many environmental problems have stemmed from 

the use and overuse of technology.  Only recently have developments been 

made that focus not only on the demands of the present, but also on reducing 

potentially negative consequences in the future. 

In recent years, advancements in environmentalism, such as the 

development of electric-powered cars and the increased practices of 

recycling, have been made in an effort to reduce the negative side-effects of 

technology uses.  Research in alternative sources of energy, as well as 

cleaner methods of production for every day goods, has significantly 

advanced over the past fifty years.  One of the scientific areas that has 

contributed greatly to this advancement is green chemistry, which focuses on 

developing chemicals and syntheses of chemicals that are more 

environmentally benign.  Within this area of chemistry, an area of interest is 
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the development of green oxidation catalysts, which can be utilized for a 

wide variety of functions. 

One of the current projects in synthesizing green oxidation catalysts is 

the tetra-amido macrocyclic ligands (TAML) project being conducted by 

Prof. Terrence J. Collins’ research group at Carnegie Mellon University.  

The ligands that are being developed have the potential for many 

applications in water purification, such as the removal of endocrine-

disrupting chemicals and de-coloration of effluent streams.  This thesis 

discusses in detail the need for environmental chemistry and the partial 

synthesis of one of the TAML project’s catalyst designs.  Various attempts 

were made to synthesize a full macrocycle, but complications during the 

synthesis process prevented completion of this molecule. 

 

 

 

 

 

 

Paul H. Scudder  



 

Chapter 1 

Introduction 

1.1.  A Brief History of Man and the    

  Environment 

It is a well-known fact that the existence of mankind has had an impact on 

the environment, just like the existence of every animal, plant, rock, body of 

water, and everything else on earth has in some way.  It can be said, 

however, that humans have had the greatest environmental impact in their 

utilization of not only technology but also of external sources of labor 

power.  This exploitation of labor power, first from animals of burden and 

later from machines, can be referred to as amplification of effort, and is 

debatably the main reason humans have advanced so much further than any 

other species on earth.  This development, though, has had negative 

consequences that humans have only recently begun to deliberately address; 

these consequences have extended to the point that “no place on Earth is 

really unaffected by human activity… [such as] air pollution, intensification 
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in the acidity of precipitation, radioactive fallout, and the penetration of 

ultraviolet radiation due to the depletion of the ozone layer in the high 

atmosphere” [1].  The development of the technologies and cultures of 

civilizations over the course of history shows how modern humans came to 

have such a widespread impact on the environment, and these same 

developments can in turn eventually lead to a resolution for that impact.  

 

1.1.1 The Beginning 

All of the accomplishments made by the human race up to the present day 

can be traced back as having the common factor of amplification of effort.  It 

can be said that without the initial utilization of animals of burden, such as 

oxen, cows, and horses, mankind’s technological progress would have been 

greatly hindered and therefore never would have reached the level of 

advancement that it has today.  In fact, Jarod Diamond’s Guns, Germs, and 

Steel specifically addresses the fact that the early civilizations that were able 

to advance the furthest were those to which the most farming-efficient beasts 

of burden were native [2].  These early civilizations then migrated, bringing 

with them technologies that would eventually shape the modern world.  
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 The formation of civilizations happened over thousands of years in 

both gradual shifts and revolutionary transitions.  As nomadic early humans 

evolved, traveled, and developed cultures, advances in technology continued 

at an exponential rate, and among the most important of these revolutionary 

transitions was the development of agriculture.  Approximately 11,000 years 

ago nomadic humans began the process of domesticating plants and animals 

while establishing more permanent settlements, which in turn led to the 

foundations of modern civilizations.  While this revolution, known as the 

Neolithic Revolution, “is unquestionably one of the most important events in 

human cultural history” [3], reasons for this massive shift in mankind’s 

lifestyle are to this day an issue of controversy.  Many scholars believe, 

however, that agriculture was the result of early plant domestication coupled 

with the aftermath of a worldwide climate shift [2].    

Though the definite origin of the practice of agriculture may never be 

incontestably proven, the earliest signs of town formation have lead many 

researchers to an explanation for this revolutionary practice.  Archeological 

findings date one of the first villages in mankind’s existence as having 

formed around 11,500 years ago, right around the end of a 1000-year-long 

ice age.  This village was discovered in the Fertile Crescent, an area located 

in what now consists of parts of Egypt and the Middle East, near the city of 
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Jericho.  Many archeologists and other specialists theorize that the reason for 

the formation of this village would have been the lack of resources 

elsewhere, mainly edible plants, available to people due to a harsh climate 

change right after the end of the ice age [2].  The need to conserve as many 

resources as possible would have forced people to remain in areas that had 

reliable sources of food, like the plants which were able to endure the harsh 

weather changes.   

With evidence of an early form of a granary in the ancient village near 

Jericho, the idea that plants were harvested and stored for future use is a very 

likely theory, and the growth and regrowth of crops would have attracted 

animals that could be captured and used for more than their meat.  These 

animals, known as beasts of burden, were bred and eventually domesticated 

enabling the people of Jericho to exploit the power of animals such as the 

cow, the oxen, and the horse, to harvest and plant crops more efficiently [2].  

A steady supply of food led to an overall longer life expectancy, which 

eventually caused a steady increase in the population. 

 The settling down of nomadic humans marked a distinct transition in 

many aspects of life for our species.  The steady supply of nutrition allowed 

for an increase in population which in turn led to a larger work force, which, 

along with the incorporation of surplus storage, produced food in plentiful 
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enough quantities that not every member of a town or city was needed in 

order to maintain a consistent and sufficient food supply.  The surplus of 

food available to developing civilizations coupled with the increase in 

population allowed for the development of task specialization outside of 

those directly related to survival, which brought about crafts such as 

metallurgy and pottery.  New skills that required high levels of heat 

consequently required burning large amounts of wood, resulting in an 

increased level of air pollution in developing cultures in which the people 

practiced these skills.  

With the creation of cities, drinking water became available via 

irrigation systems and wells.  The systems of waste disposal also involved 

waterways, including sewage and offal (i.e. meat from animals not 

consumed).  Waste that was not disposed of via water systems was simply 

thrown out into the street; “people in Babylon threw debris including 

garbage and excrement on to the unpaved streets which were periodically 

covered with clay, eventually raising the street levels to the extent that stairs 

had to be built down into houses” [4].  This waste would build up and attract 

opportunistic organisms, and the accumulated waste would then be washed 

by rain into rivers and groundwater.  The effects of these careless water and 

waste management practices became more noticeable over time, showing a 
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clear example of the consequences for mankind when the environment is not 

properly cared for. 

 

1.1.2 Moving Forward   

In one light, the rise of agriculture brought about resources that allowed for 

the rapid increase in human population.  This increase in population, though, 

was coupled with the adverse effect of a noticeable decrease in standard of 

health.  When comparing pre- and post- Neolithic revolution skeletons of 

human beings, archeologists note that “Neolithic villagers were less healthy 

than hunters and herders, but city dwellers showed further decline; studies of 

their skeletal remains show that they were shorter in stature, lived briefer 

lives, suffered more from bad teeth and bones, and were subject to 

communicable diseases” [1].  Though population and population density 

increased within these cities, quality of life visibly decreased, and created a 

pattern which amplified the impact humans had on the environment over 

generations. 

 As evidence shows, the development of civilizations involved a great 

number of technological, cultural, and economic advances.  Cities developed 

and grew, both in size and number, and began to rely on not only the 
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environment in which they were located, but on those of other cities as well.  

This inspired even more production of commodities, as well as more trade 

routes for easier travel between cities, and existing problematic practices 

only increased; “[empires] had the ability to organize numbers of people in 

vast projects that transformed the landscape, such as irrigation schemes, road 

building, terracing of hillsides, mining, and logging” [1]. While these 

practices were damaging, mankind did not remain completely oblivious to 

the impact it was having on the environment.  In fact, during what is known 

as the ‘Axial Age’, many ways of viewing the environment and the world as 

a whole began to reform.  

 Empires’ ability to flourish, historically, has been a direct product of 

their ability to obtain and maintain resources.  As civilizations were built, 

destroyed, conquered, and expanded, the demand for resources, including 

food, weapons, and textiles, became such that, in Greek writings, many acts 

of human interference with the environment, such as agriculture and animal 

domestication, were depicted as positive actions on the environment.  Seeing 

mankind as Earth’s caretakers, they believed that “well-planned efforts make 

the landscape more beautiful and serviceable for human purposes” [1], 

which only encouraged further environmental impact both for function and 

for aesthetics.  With mankind’s thorough exploitation of the environment 
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being societally condoned and with the steady population increase, the 

condition of the environment worsened over time. 

 

1.1.3      The Middle Ages 

By the beginning of the Middle Ages, around 500 a.d., human population 

had increased worldwide to approximately 200 million, with the 

technologically advanced populations of Europe and Asia comprising over 

eighty percent of this number.  This large population, along with the 

development of useful inventions in agriculture, magnified environmental 

problems such as demand for resources and the amount and types of land 

that could be plowed for agriculture and architecture.  The demand for more 

goods prompted innovation in both technology and processes used to obtain 

said goods; two notable advancements were the heavy plough and the 

development of the three-field crop rotation [5], which enabled and required, 

respectively, the clearing of even more land.  By the end of the Middle Ages, 

the world population had increased to around 500 million, and with such a 

sharp increase in only one thousand years, the resources of Europe and Asia 

would soon be depleted to a dangerously low level. 

 During the medieval period deforestation had become one the most 

prominent environmental problems in Europe; wood was used for everything 
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from fuel to house-building.  People would clear wooded areas not only for 

their resources but for the land as well, utilizing the land for settlement and 

grazing areas for farm animals.  People in Europe during the middle ages 

began to view forests as a waste of land, convinced that the manipulation of 

nature was not only beneficial but also encouraged by the near ubiquitous 

Christian religion.  This ‘cultural climate’ toward forested areas lead to 

virtually uninhibited clearing of woodlands, increasing problems attributed 

to deforestation, such as flooding and the eradication of various plant and 

animal species [6].  Deforestation would eventually lead Europe into a state 

of depleted resources, forcing the citizens of Europe into famine numerous 

times throughout this era. 

 The ability to grow and distribute food at a rate matching that of the 

increase in demand was hindered greatly by several factors, including 

deforestation.  The main hindrance, however, was that resources were not 

being replenished as fast as they were being used.  By the 1300s, Europe’s 

overall population had nearly doubled since the beginning of the middle 

ages, from around 26 million to 50 million people, and “the only land left 

uncleared…was marginal or unworkable with the tools of the day” [7].  It 

was during the fourteenth century that both the Great Famine of 1315 – 1322 

and the Black Plague affected Europe; the impact of the Black Plague was 
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actually worsened by the fact that many people were starving, and therefore 

weakened and more vulnerable to infection, by the time the plague hit.  In 

taking out such a large percent of Europe’s overall population, the Black 

Plague brought attention to several problems that the people of Europe 

needed to take responsibility in solving. 

 Europe’s population was brought down by almost thirty-three percent 

by the Black Plague, and survivors of it were left with a devastating 

aftermath.  The plague mostly affected the poor population, which 

deteriorated the labor force significantly, consequently causing an economic 

downturn.  This downturn forced empires and local townships to enforce 

economic prohibitions; “clothes could not be adorned with gold or silver; 

capes could not be lined with fur; the wicks of funeral candles had to be 

made of cotton…” [7].  The sharp decrease in demand for resources, both 

through the sharp population reduction and through economic depression, 

allowed for a temporary restoration in Europe’s ecosystems, though by the 

1500s Europe’s population had been almost completely restored to what it 

was before the Plague, totaling around 46 million people.  
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1.1.4        Before the Age of Industry 

Shortly after the medieval period of European history, between the late 

fifteenth century and the mid-eighteenth century, marked another significant 

step in the environmental impact that humans were making: the beginning of 

this period marked what would be Europe’s conquering of the Americas.  

With the arrival of Christopher Columbus into the ‘New World’, many 

European empires sought to seize control of the undeveloped land.  North 

America’s climate paralleled that of Europe’s, and therefore made it ideal 

for cultivating crops native to Europe.  Ecosystems were completely 

restructured with the introduction of foreign crops and animals, along with 

viruses and germs that the people native to the Americas had no immunities 

to.  Technology was also much more advanced in Europe than in the 

Americas, and weapons wielded by European conquerors greatly 

outmatched the primitive weaponry used by native Americans [2].  In 

conquering the New World, a vast array of resources became available for 

use and exploitation by the European invaders. 

 The Early Modern Period of Europe is an era most represented by 

what is known as the Renaissance.  During the Renaissance many changes 

took place in the theory and practice of technological advancement: 

scientific knowledge previously lost to the church was recovered, and 
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scientific measuring tools such as the microscope, barometer, and 

thermometer were invented.  During the Renaissance is also when Johannes 

Gutenbürg invented the printing press, revolutionizing the efficiency in 

which humans could share information
 
[8].  It was also during the 

renaissance that deforestation from the Middle Ages had left the people of 

the renaissance with plenty of timber for fuel and ship-building, as well as a 

devastated environment [6]. 

 Major contributing factors in environmental awareness came from the 

short- and long-term effects of settlers onto new lands.  The short-term 

effects were seen by the rapid and excessive utilization of resources, 

sometimes to the point of multiple species’ extinction.  The long-term 

effects, however, came in the form of other types of domination: exotic 

species invasion.  With new climates that mimicked those of Europe, plants, 

animals, and microbes that were carried to the Americas on European ships 

caused just as much if not more of an environmental disturbance than did the 

settlers themselves.  In fact, it is thought that the smallpox virus was a key 

factor in the Spaniards’ defeat of the Aztecs, despite the Aztec’s numbers 

and terrain familiarity [2].  This was only one in a long list of diseases 

spread by the overseas travel of the Europeans, including chicken pox, 

mumps, malaria, and pneumonia.  During the early modern period, as the 
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Americas were being introduced to Europe’s invasive species, Europe itself 

dealt with new, unforeseen environmental problems.  

 

1.1.5       The Industrial Revolution 

The Industrial Revolution was the time period approximately between 1750 

and 1850 in which technological advancement and popularization brought 

about an unprecedented economic growth.  During this time bulk production 

and automation were made easier, and for the first time in history neither 

man nor animal power was always necessary in order to make a large 

number of products.  Bulk manufacturing, however, brought a number of 

ecological problems with the number of resources and the fuel used up by 

these industrial practices.  

  One of the key inventions that defined the Industrial Revolution was 

the steam engine, a device that was patented during the Early Modern 

period.  The reason that the steam engine did not become such a driving 

force until almost one hundred years after its first use in mining and textile 

industries was because the early models required large amounts of coal and 

were only practical near natural water sources.  While commercially 

available by 1712, the steam engine gained most of its popularity after James 

Watt was able to make improvements on it that allowed for more efficient 
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fuel consumption and also allowed for placement of factories away from 

flowing water sources such as rivers [9].  With the practical steam engine 

commercially available, the use of coal as its fuel source escalated to 

unprecedented levels.    

 The use of coal as a common fuel source, as opposed to wood, meant 

an increase in fuel efficiency.  The burning of coal releases sulfur into the 

atmosphere and produces carbon dioxide and fly ash; in developing cities 

during the Industrial Revolution where coal was replacing wood as a fuel 

source, the by-products of burning coal became detrimental to the health of 

the people in these cities.  Along with the health effects that the transition 

from wood to coal was causing, the environment surrounding these coal-

burning factories became covered in soot.  This soot created a darkened 

habitat in which light-colored animals were at a disadvantage, resulting in 

industrial melanism, or the darkening of skin, plumage, and/or pelage of the 

animals found in these environments [10]. 

 Majorly impacting more industrialized cities, and just as 

consequential as the air pollution caused by the increased use of fossil fuels 

was the sewage pollution caused by the sudden surge in population.  Even 

though by the 1800s sewer systems with collection sewers and pumping 

stations had been implemented in more developed cities, like London, these 
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sewage systems still discharged into nearby rivers without any pollution 

removal, solid or otherwise [3].  As sewers became more popular with the 

progression of the Industrial Age, build-up of the sewage in rivers became a 

health risk.   

 Chemistry during the Industrial Revolution flourished with the 

discovery of several mass-production techniques that yielded high products.  

Two major contributions that were precursors to many other large-scale 

production techniques were the synthesis of sulfuric acid by the lead 

chamber process in 1746 and the production of sodium carbonate by the 

Leblanc process in 1791[11].  The Industrial Age also marked a distinct 

period in which more definite procedures of syntheses were available, 

increasing the number and kinds of advancements that took place in the 

chemical industry, and in turn widening the spectrum of pharmacological 

benefits and consequently improving the quality of life in humans.   

 

1.1.6       Late 19th Century to the Present Day 

With the highest rate of technological advancements having occurred in the 

last couple hundred years, people of this era began approaching 

environmental problems from a more educated standpoint.  Many advances 

such as the development of the periodic table of elements by Dmitri 
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Mendeleev and the foundation of chemical thermodynamics by Josiah 

Willard Gibbs happened during the 19
th

 century [12], helping to increase the 

understanding of chemical properties and principles.  Long-term effects, 

however, of common chemical uses such as pesticides for crops and the 

burning of fuels were not yet understood, and therefore these practices were 

largely unregulated up until the second half of the 20
th

 century.  As 

automation became more conventional, and while waste emissions remained 

unregulated, air pollution increased due to the reliance on fossil fuels for 

factories, automobiles and other forms of transportation, and electricity 

distribution.   

 Over the course of history, technological advancements have been 

made to not only aid in mankind’s ever-growing need for survival, but also 

to satiate the desire to thrive.  The invention of the internal combustion 

engine, and subsequently the gasoline engine, has been one of the most 

influential contributions to modern society, enabling humans to perform a 

multitude of tasks, such as long-distance trade, without the requirement of 

much physical labor, if any at all.  Throughout the past 150 years, in what is 

known as the Technological Era, engines have been used to move trains, 

cars, airplanes, and tractors.  It can therefore be said that the gasoline engine 
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is one of the most widely-used inventions in developed countries, and has 

thus become a major contributor to pollution around the world.  

 Technology has developed at its fastest rate during the Technological 

Era, and the scientific understanding of the processes and consequences of 

said technology has in turn expanded.  Advances have been made over this 

era in understanding processes like the reactions that occur between 

chlorofluorocarbons and ozone.  As mankind moved into the 20
th

 and 21
st
 

centuries, thorough understanding of our own technology has allowed us to 

revise old, harmful processes and come up with new, more efficient, more 

environmentally-friendly alternatives.  Innovative ideas with ecological 

impact in mind continue to arise today, but, without the environmental 

movement of the mid-20
th

 century, would very likely not have had such 

enthusiastic support. 

 

1.2      The Environmental Movement and the 

Chemistry Behind It 

Chemistry, like many other sciences, has seen some of its most rapid 

advancement in the past 250 years, with modern discoveries in chemistry 

including nylon, polycarbonate, refrigerants, anti-cancer medication, and 
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plastics [13].  Some advancements that have been made, however, have had 

unforeseen, often negative effects on not only the environment, like ozone 

depletion, but on the people that have been exposed to the chemicals used to 

produce these new products.  Fortunately, during this rapid advancement, 

practices in chemistry are improving as our knowledge and understanding of 

the driving forces behind chemical reactions expands.  In understanding the 

chemistry behind our technologies, progress can be made to counteract the 

harmful substances that still exist in the environment. 

 

1.2.1    Advances in Modern Chemistry 

Many modern advances in chemistry have greatly benefitted our society, 

including the invention of plastics as a convenient lightweight material, 

pesticides that work preventatively, and refrigeration technologies that 

improved food storage and trade world-wide.  Many people, though, have 

not viewed the advancement of chemistry as positive technology for reasons 

such as the fact that plastics are chemically so stable that their ability to 

biodegrade is yet undocumented, and therefore present a problem as being 

an unnatural presence in the environment long after they are disposed of 

[12].  With so many uses for plastic, such as bottles, bags, and can holders, 

animals are in danger of finding these products and dying as a result of 
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ingestion or entrapment.  This, however, is only one of many destructive 

chemical impacts.  

 Chemical pesticides became increasingly popular as agricultural 

practices increased.  The most notable of these artificial pesticides was the 

use of DDT, a now banned pesticide, which still persists in the environment 

fifty years after the discontinuation of its use as a pesticide.  DDT (4, 4’ – 

Dichloro Diphenyl Trichloroethane), caused detrimental effects to the 

environment in the following way: DDT’s use on fields as a pesticide 

allowed it to seep through the soil and enter the inhabiting species’ food 

supply and underground water.  This began a process in which small animals 

in the water would eat plants that had absorbed the DDT, and then when 

larger animals, such as small fish, ate those animals the DDT would 

accumulate in the animals’ bodies, a process known as biomagnification.  

Eventually, after years of DDT use, the birds, which ate the fish which had 

accumulated DDT in their systems, began to lay eggs with softer shells, 

which would break.  DDT’s use was therefore banned in 1972 in the United 

States, though it still persists today in our environment as a probable human 

carcinogen and a detriment to the nervous and reproductive system [14]. 

 Another chemical group discovered and subsequently banned in the 

past hundred years or so was that of chlorofluorocarbons (CFCs) which were 
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uses as refrigerants, aerosols, and insulating foams.  CFC gases are 

inherently non-toxic to humans, colorless, odorless, nonflammable, and 

stable when emitted, and this is one of the reasons they became so popular in 

so many products; [15].  CFCs, however, decompose under ultraviolet (UV) 

light in the stratosphere : chlorine is released as its free radical which then 

attacks a molecule of ozone (O3).  The ozone molecule then degrades, 

creating oxygen gas (O2) and the hypochlorite free radical.  Two of these 

free radicals then react to form chlorine peroxide, eventually releasing two 

chlorine radicals and forming oxygen gas (Figure 1.1).  This catalytic 

degradation of ozone into oxygen gas has, over time, depleted the ozone 

layer in the stratosphere, reducing the amount of absorption of UV light.   

With more UV light reaching the surface of the Earth, the risk of melanoma 

has increased since the use of CFCs, and although laws to phase out CFCs in 

the United States have been in effect since 1978, their effects are still 

recognized as a problem today. 
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Figure 1.1: Reaction mechanism of ozone (O3) with the CFC Freon-11 

(CFCl3) [15] 

 A third example of the chemical industry’s impact is the issue of 

pollution in the water supply.  Over the last century, pollutants, pesticides 

and hormones have become real concerns as studies continue to show not 

only the increasing levels of these artificial chemicals found in everyday 

drinking water, but also the long-term effects these chemicals have had on 

generations of people that have been subject to them.  A certain group of 

these pollutants, called endocrine disrupting chemicals, (or EDCs) has raised 

concern in their attribution to a multitude of developmental disorders which 

can be traced back to the endocrine system.  In a scientific statement 

released by the Endocrine Society, various studies showed that “endocrine 

disruptors have effects on male and female reproduction, breast development 
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and cancer, prostate cancer, neuroendocrinology, thyroid, metabolism and 

obesity, and cardiovascular endocrinology” [16].  With even more evidence 

being collected against the effects of EDCs and other chemicals found in the 

current water supply, a method of eliminating these contaminants becomes 

ever more necessary. 

 

1.2.2       Modern Environmentalism 

While there have been many negative consequences in the development of 

chemicals and chemical procedures, awareness of these consequences has 

led to many positive steps taken to fix the problems we have caused over the 

course of our existence.  For the United States of America, one of the more 

monumental movements in bettering the environment was the creation of 

Earth Day and the EPA.  Earth Day was an idea conceived by Senator 

Gaylord Nelson in the summer of 1969 after an oil spill off of the coast of 

Santa Barbara.  This inspired Senator Nelson to organize enough people to 

send out a message across the country that the environment needed to be 

recognized as a problem worth fixing.  In April of the following year, 

“millions of Americans observed Earth Day…whether in groups of tens of 

thousands in New York or Philadelphia or with events big and small at 

thousands of colleges and schools across the country” [17].   



23 
 

 

 During Senator Gaylord Nelson’s activism in raising environmental 

awareness, President Richard Nixon was establishing governmental policies 

that would eventually lead to the formation of the Environmental Protection 

Agency (EPA).  During his term in office, President Nixon established what 

was known as the Environmental Quality Council, which discussed the need 

for structural reform not only in conserving wildlife but also in protecting 

other aspects of the environment such as the air and water.  This reform led 

to what are now known as Environmental Impact Statements, or project 

reports submitted by all federal agencies that account for likely 

environmental consequences of said projects.   President Nixon also 

presented the House of Representatives and the Senate with “an 

unprecedented 37-point message on the environment…[that included] asking 

for national air quality standards… [and] also ordered a clean-up of federal 

facilities which had fouled air and water…” [17].  An autonomous 

government agency was created in 1970 to oversee these reformations, 

marking the formation of the United States Environmental Protection 

Agency. 

 The 1970’s became an era of major environmental reform, with the 

implementation of over 20 new conservation laws including the Clean Air 

Act of 1970, which required the EPA to “establish national air quality 
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standards as well as national standards for significant new pollution 

sources…” [18].  This act would require the reduction of hydrocarbon and 

carbon monoxide emissions to ten percent of their original levels by 1975.  

In 1977, the fully amended Clean Water Act gave the EPA authority to 

initiate the regulation of water pollution in an effort to reduce waste in water 

and to set standards in what was and was not allowed to be disposed of in 

effluent streams and other natural water sources.     

 While cities today still face large environmental problems including 

air pollution and waste disposal problems, much of the United States and the 

world have begun to see a slow but steady shift in both attitude and 

achievements of environmental preservation and restoration.  The 

implementation of environmental laws and, consequently, more 

environmental awareness has led to such advancements as commercially 

available electric cars and more efficient utilization of solar energy.  In fact, 

in the United States alone, EPA projects span country-wide, from educating 

schools on problems like mercury to retrofitting green infrastructure into the 

Northeast’s urban storm water systems to reduce pollution [19].  Novel ideas 

and projects like the ones being carried out by the EPA will not only help 

reduce future pollution emissions and degradation of the environment, but 
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will hopefully also be able to resolve or even reverse problems that have 

existed for centuries or even millennia. 

 

1.3     Green Chemistry: The Aim to Fix Yesterday,  

    Today, and Tomorrow 

Green chemistry as an idea was not coined until the early 1990’s by Paul 

Anastas of the EPA.  Based on the idea of sustainable development, which is 

defined as the ability “to meet the needs of the present without 

compromising the ability of the future generations to meet their own needs” 

[20], green chemistry aims to develop new methods, as well as synthesize 

new chemicals, that will minimize the impact the chemical industry has on 

the environment.  There are a variety of ways that this can be done, 

including atom economy, which analyzes the stoichiometry of a reaction not 

only for reactant use and product yield, but also incorporates waste by-

products to measure the efficiency of a reaction. Green chemistry is a 

concept that is beneficial not only from an environmental standpoint, but 

from an economic standpoint as well, and therefore is practiced from high 

schools and colleges to large industrial factories at a steadily increasing rate. 
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1.3.1  How Green Chemistry is Helping 

Green chemistry is a practice that focuses on a multitude of issues in the 

chemical industry today.  One of the main foci of green chemistry is to 

environmentally and economically improve on obsolete reactions.   The aim 

of green chemistry is to have high product yield, complete starting material 

conversion, and as low toxicity as possible.  In order to achieve these goals, 

green chemistry follows twelve principles which were established by Paul T. 

Anastas and John C. Warner, and are quoted as follows: 

 

“Prevention 

 It is better to prevent waste than to treat or clean up waste after it has 

been created. 

Atom Economy 

 Synthetic methods should be designed to maximize the incorporation 

of all materials used in the process into the final product. 

Less Hazardous Chemical Synthesis 

 Wherever practicable, synthetic methods should be designed to use 

and generate substances that possess little or no toxicity to people or 

the environment. 

Designing Safer Chemicals 

 Chemical products should be designed to affect their desired function 

while minimizing their toxicity. 

Safer Solvents and Auxiliaries 

 The use of auxiliary substances (e.g., solvents or separation agents) 

should be made unnecessary whenever possible and innocuous when 

used. 

Design for Energy Efficiency 
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 Energy requirements of chemical processes should be recognized for 

their environmental and economic impacts and should be minimized. 

If possible, synthetic methods should be conducted at ambient 

temperature and pressure. 

Use of Renewable Feedstocks 

 Raw material or feedstock should be renewable rather than depleting 

whenever technically and economically practicable. 

Reduce Derivatives 

 Unnecessary derivatization (use of blocking groups, protection/de-

protection, and temporary modification of physical-chemical 

processes) should be minimized or avoided if possible, because such 

steps require additional reagents and can generate waste. 

Catalysis 

 Catalytic reagents (as selective as possible) are superior to 

stoichiometric reagents. 

Design for Degradation 

 Chemical products should be designed so that at the end of their 

function they break down into innocuous degradation products and do 

not persist in the environment. 

Real-time Analysis for Pollution Prevention 

 Analytical methodologies need to be further developed to allow for 

real-time, in-process monitoring and control prior to the formation of 

hazardous substances. 

Inherently Safer Chemistry for Accident Prevention 

 Substances and the form of a substance used in a chemical process 

should be chosen to minimize the potential for chemical accidents, 

including releases, explosions, and fires” [20] 

 

In order to find methods that best follow these twelve principles, chemists 

must systematically attempt a variety of reactions to determine whether or 

not they are the best means of synthesizing a chemical. 
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 The techniques that can be classified as ‘green chemistry’ techniques 

are ever expanding.  One of the more common of these techniques is known 

as micro-scale reactions; these reactions are run on millimolar scales, usually 

in research facilities and educational laboratories.  Micro-scale reactions 

have both positive and negative qualities about them: they require a minimal 

amount of starting material, reducing the material required and the waste 

output of each reaction.  Micro-scale reactions, however, are more easily 

effected by the surrounding environment and miniscule amounts of water or 

other impurities in the air can significantly reduce the yield. 

 In order to predict the efficiency of any reaction, the term “atom 

economy,” coined by Barry M. Trost, can be defined as the efficiency of a 

chemical process in yielding product, while taking all reactants, solvents, 

and products into account.  The concept of atom economy means to replace 

the now-used process of theoretical yield and percent yield in that “atom 

economy calculations are based on atom utilization as represented by the 

stoichiometry of a balanced equation for a chemical reaction” [21]; while 

yield calculations focus only on the stoichiometry of the product(s), atom 

economy takes the entire reaction into account.  Atom economy is measured 

in percentage, and can be written in the form of the following equation: 
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While atom economy is an important factor in the process of finding the 

most cost-effective, least damaging methods of chemical syntheses, there are 

a large range of factors that must be taken into consideration before a 

conclusion is made. 

 The modern practice of green chemistry takes into account the 

efficiency of reactions as well as the risk involved in conducting these 

reactions.  As history shows, the lack of foresight in the practical application 

of any environmental action usually leads to much more difficult obstacles 

that cannot be so easily overcome.  Many industries have, because of this, 

adopted what is known as a process flow sheet (PFS).  A PFS is a diagram 

that depicts the various stages a product goes through before it is 

commercially available, giving necessary information like cost of supplies, 

energy required, and waste produced.  Each stage typically has several 

preliminary options, and through a PFS different departments can 

collaborate to establish the most economic, least hazardous method of 

production.  Using a PFS, a multitude of questions can be addressed by 

experts in different fields of a company such as: “volume of waste, nature of 

waste, mass balance, product contaminants, material cost outline, 

complexity of processing and associated costs, requirement for any special 

equipment, energy requirements, and toxicity/handling issues” [22].  
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Typically for any given synthesis, several PFSs are compared, using the 

theoretical product yield as the point of reference for efficiency of the 

process.
 

 

1.3.2      Toxicity and Waste  

Another key function of green chemistry is the reduction of toxicity and 

waste, and the proper treatment of these issues faced by chemists.  Chemical 

toxicity is an important factor to take into consideration before proceeding 

with any reaction, because the safety of the individual handling the 

chemicals in question must be taken into account.  While any chemical can 

be considered toxic in the right quantity, trends in compounds have led to 

the ability to identify whether or not certain chemicals should be handled 

with special care.  In the PFS method described above, toxicity plays a role 

in calculating the measureable function of risk.  In the handling of toxic 

materials, risk is defined as a function of the hazard faced by the given 

chemical and the exposure faced by the individual to that chemical [22].  

The aim of green chemistry is to reduce this factor of risk as much as 

possible and to allow the handling of very hazardous materials only after all 

other options have been examined. 
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 Green chemistry, along with addressing the handling of toxic 

reactants, also deals with the handling and disposal of waste chemicals.  

Waste is an unfortunate inevitability that is tackled daily by chemists 

everywhere; since no reaction can be one hundred percent atom economic, 

waste material will nearly always need to be disposed of.  The methods of 

disposing of waste materials have advanced over the last century, with 

modern techniques including separation of organic, inorganic, and solid 

wastes, and neutralization of acids and bases before disposal.  Many of the 

outdated practices, however, are still in use today, such as disposal into 

effluent streams and direct gas emission into the air, though these practices 

are now regulated by the EPA.   

 The first way of handling waste products in reactions is to make the 

by-products as non-harmful as possible; “green chemistry changes the 

intrinsic nature of the [hazardous] substances...so as to reduce or eliminate 

the hazard posed by the substances” [20]. For this, PFSs can be used to 

reduce the harmfulness of the wastes that form from industrial reactions.  

Another method of waste treatment is the physical separation of wastes into 

similar phases.  This can be done through a variety of techniques, including 

filtration and centrifugation, and makes the organization of waste products 

easier.  A third method of waste treatment, used in waste streams with a high 
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concentration of metal ions, is electrochemical waste treatment.  This 

process can separate metal ions in the water and return them to their neutral 

state, a process which allows the reuse of these metals and therefore adheres 

to the green method.  These methods, along with new processes that are 

constantly being developed and improved upon, are being used separately or 

in combination to help reduce the impact made by the chemical industry, 

along with every other industry that generates waste products.  

 

1.3.3      Thinking Ahead 

The goal of green chemistry to conduct proper waste disposal is only one of 

its improvements on outdated methods, and another practice employed by 

practicing green chemists is to have the majority of reactions involve 

reusable materials and/or catalysts of some sort in order to reduce overall 

waste to the bare minimum.  While this environmental impact cannot be 

measured to its full extent, a method known as the Life Cycle Assessment 

(LCA) of a molecule can be used to predict the long-term impacts of all of 

the by-products formed in a given reaction.  A LCA can be performed using 

four steps: planning, analysis, impact assessment, and interpretation.  

Planning gives the routes being analyzed and their overall products.  

Analysis is the data collection that reveals things like atom economy.  The 
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impact assessment is arguably the most important part of a LCA, because it 

attributes various forms of impacts to each by-product and quantifies it, 

allowing for the last step.  Interpretation is the determining of which steps in 

a product’s synthesis have the most detrimental impact, and consequently 

which steps should be revised [22].  While these processes have been able to 

greatly reduce the impact made by chemical processes, choosing the most 

effective, least hazardous syntheses is not always a simple decision. 

 After everything is taken into account concerning a given chemical 

process, a choice must be made on the most beneficial, or least harmful, 

route of synthesis.  Many times this choice may not be as apparent as one 

would think: the issue of quantity and quality of the by-products is typically 

one that prevents simple decisions in synthesis.  If in the comparison of two 

different process flow sheets for the synthesis of a molecule, one method 

produces more of a by-product that is less toxic, while another produces less 

by-product that is more toxic, the ultimate decision on which method to use 

is unclear.  In concerning other variables of constructing a PFS and LCA, 

important factors include catalysts, solvents (or lack thereof), and energy 

consumed versus utilizable created energy [22].  By expanding on the 

number of factors that chemists are able to manipulate, green chemists hope 
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to achieve the most efficient methods of synthesis with the minimum amount 

of produced waste.   

 One of the most efficient methods to date of obtaining a high atom 

economy is the use of catalysts.  In discussing the main topic of this thesis, 

catalysts will be examined in more depth, but in terms of green chemistry 

and atom efficiency, catalysts are known to increase reaction rate by up to 

factors ranging in the millions.  The function of catalysts “is to facilitate a 

transformation that is desired without being consumed as part of the reaction 

and without being incorporated in the final product” [20]; because catalysts 

are neither changed nor consumed, they do not diminish the overall atom 

economy of a reaction.  The chemical industry’s use of catalysis as a means 

of improving the efficiency of reactions is preceded by biological reactions 

which chemists even today analyze as a means of bettering current reactions 

in both an economic and ecological regard.  

 The refinement of chemical synthesis methodology comprises only 

part of the goals of green chemists today.  Another major achievement 

sought in the field of green chemistry is the synthesis of chemicals that can 

reduce or even reverse the impact made by man on the world so far.  In the 

case of CFC gases, for example, hydrofluorocarbons were used as 

replacements once the effects of these CFCs were known and they were 



35 
 

 

banned from production.  Similarly DDT substitutes that were less harmful 

to the environment were implemented once DDT was banned.  As our 

understanding of chemical reactions continues to expand, green chemistry 

will continue to “hold as its goal nothing less than perfection, while 

recognizing that all of the advances and innovations towards this goal will 

contain some discrete risk” [20].  Progress in green chemistry continues to 

be made, both by reducing the inherit risk of lab procedures and by 

synthesizing new chemicals that are intended to resolve environmental 

problems that humans face today. 

 

1.4     The TAML Project 

  

1.4.1     The Downfalls of Current Water Purification 

Since the Clean Water Act was established, improvements on wastewater 

treatment have continuously been made to accommodate for increased levels 

of pollution and also for new types of pollution that are released into 

waterways.  It is required, in accordance to the Clean Water Act, that 

wastewater treatment plants meet a minimum of secondary treatment on all 

incoming waste water.  In 2004, for example, “nearly 30 percent of the 



36 
 

 

municipal facilities produced and discharged effluent at higher levels of 

treatment than the minimum federal standards for secondary treatment” [23].  

The two main methods of purification used in wastewater treatment plants 

are physical/chemical (this category can also be separated into two 

categories), and biological, with a vast assortment of technologies fitting in 

these two categories.  Most modern purification techniques, however, have 

limited ranges of the amount and types of chemicals that they are able to 

remove from waterways.   

 The first type of process, physical/chemical, is defined by the EPA as 

“treatment technologies that do not include any biomass in the process to 

achieve the treatment objective” [23].  Chemical and physical processes are 

typically grouped together because chemical processes involve chemically 

altering the pollutants to increase the ability to remove them, while physical 

processes use filters to collect solids or remove solids by gravity settling.  

One such technology that incorporates both of these processes is a 

coagulation/floccation/sedimentation method, which destabilizes suspended 

solids using a coagulant, then seeds the polluted water with microsand to 

initiate flocculation, or flake formation of suspended particles.  The particles 

are then removed via filter and the wastewater is collected for further 

treatment or reuse. 
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  Biological treatment processes are the second category of wastewater 

management techniques, and use microorganisms to degrade contaminants 

from wastewater.  These treatment methods have become more efficient and 

cost-effective over the past two decades and are the preferred method of 

water treatment, though the microorganisms used in these processes have to 

be removed via physical treatment.  These methods are most effective in 

removal of ammonia and conversion of nitrogen in amine compounds into 

inert nitrogen gas [23].  While both physical/chemical and biological 

methods are effective in removing much of the waste particles found in 

effluent streams, further technological advances are being made to target 

even more polluting chemicals found in wastewater streams. 

 

1.4.2    The TAML Project 

The iron-TAML (short for tetra-amido macrocyclic ligand) project that is the 

focus of this thesis is one that was initiated over three decades ago by 

Terrence J. Collins of Carnegie Mellon University.  The initial purpose of 

this ligand was to incorporate catalytic peroxide activators into water 

purification, using oxidation chemistry as a means of selectively degrading 

complex organic molecules into more easily removable compounds.  In early 

designs, as published by Collins and his fellow researchers, the design for 



38 
 

 

the ligand was intended to be coordinated with cobalt to attain a stable cobalt 

(IV) complex as part of oxidation chemistry research.  The new iron ligand 

design has further developed over the course of the project to incorporate a 

set of rules for designing these catalysts [24].  Over two decades of work, 

the oxidation catalyst design has been altered in both synthesis techniques 

and structure to develop the cleanest synthesis for the most efficient catalyst 

(Figure 1.2).  It should be noted that, until 1987, the term TAML did not 

apply to the oxidation catalyst design being synthesized; it was found that 

“complexes of macrocyclic tetraamido-N ligands, as opposed to acyclic 

tetradentate amido-N-containing ligands, can be made sufficiently resistant 

to be useful not only to oxidative degradation, but also to hydrolysis” [25]. 

 



39 
 

 

 

Figure 1.2: A structural timeline of the TAML project’s progress [25]
 

 In order to understand the iron-TAML project and the multitude of 

applications it has potential for, the process of degradation performed by the 

molecule should be better understood.  The current model for the TAML 

project can be closely described as a cytochrome P450 active site mimic 

(Figure 1.3).  Cytochrome P450 is a group of enzymes in the body that 

catalyze oxidation reactions first by binding the ferric form of the enzyme to 

the substrate (B).   One electron is then transferred from the NAPDH-P450 

reductase to the ferric P450 iron to give the ferrous enzyme-substrate 

complex (C).  The reduced complex then binds to O2 at the iron to form a 

ferric enzyme-O2-substrate complex (D).  The reductase then donates a 
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second electron to form a complex represented as Fe
+3

O2
2-

 [26] (E-E’).  The 

complex is then cleaved at the oxygen-oxygen bond to give water and an 

activated oxygen (F) which then reacts with the substrate, “resulting in a 

two-electron oxidation of the substrate to the alcohol…The product is then 

released, regenerating the native ferric p450 that is available to begin 

another catalytic cycle” [26].  This catalytic oxidation provides a potentially 

ecologically benign way of removing the multitude of chemicals found 

today in water supplies. 

 

Figure 1.3: Reaction Mechanism of Cytochrome P450 [27] 



41 
 

 

 The TAML molecule’s ability to mimic the cytochrome P450 active 

site is essential in its proposed function of degrading eco-persistent 

molecules.  Eco-persistent molecules are typically large and/or aromatic 

compounds, and because of this stability in structure, they are difficult to 

decompose.  While other oxidation catalysts have been able to break these 

molecules down, they have their own respective issues, such as incomplete 

degradation or residual toxin release by the catalysts themselves.  What 

makes the TAML compound so unique is its ability to completely degrade a 

vast number of organic and chloro-organic compounds into much more 

environmentally benign compounds.  In the example of pentachlorophenol, a 

common toxic chemical used in wood treatment, the TAML-hydrogen 

peroxide complex degrades the molecules into chloride ions, carbon dioxide, 

and oxalic acid [28].  These resulting products are much less harmful to the 

environment than pentachlorophenol, and the reaction is one of many 

examples of the proposed utilizations of the TAML compound. 

The iron-TAML project’s proposed application extends further than 

degradation of commonplace pollutants in the water supply; one of its main 

intended purposes is its use in the pulp and paper industry.  Originally, 

chemical pulps used in making paper were bleached using sodium 

hypochlorite (household bleach), but are now usually bleached using 
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chlorine dioxide because it will make strong paper that won’t yellow with 

age.  Both of these processes use chlorine, however, which “produces 

unacceptable quantities of chlorinated pollutants, including polychlorinated 

dibenzodioxins and dibenzofurans” [25].  Chlorinated compounds are 

nevertheless still used in many countries due to their low cost.  This has 

prompted the effort of making totally chlorine-free (TCF) methods of 

bleaching that can also be economical. 

 Although TAML catalysts were initially designed to develop ligands 

that might lead to improved metalloredox-active oxidants (in the oxidation 

reaction, an oxidation state reduction occurs at the metal center).  TAML 

catalysts also have been tested to remove color from the effluent streams of 

pulp mills.  This is an important factor in considering TAML catalysts as an 

environmentally friendly alternative because color in water “alters light 

penetration into rivers and lakes, thereby disturbing the ecological system” 

[25].  In the tests that were run using (early versions of) TAML catalysts, 

“color can be reduced typically by 50% on introduction of a TAML activator 

into the effluent stream” [25] with small amounts of both the catalyst and 

hydrogen peroxide.  The catalysts can also be applied to multiple 

chlorophenols, and have been tested on both pentachlorophenol (PCP) and 2, 
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4, 6 – trichlorophenol (2, 4, 6 – TCP) in water to show that, after treatment, 

no detectable products were identified as toxic.   

 While the TAML project has reached a point where practical 

application can be attained for certain periods of time, the current model 

does have a few issues that need to be resolved before synthesis on a mass 

scale can commence.  One of the TAML project’s biggest downfalls is its 

higher catalytic pH; using the most recent model of the TAML design, 

kinetics analyses showed that “the greatest…reactivity is found at pH9” 

[29].  The basicity of the TAML molecule prevents it from performing at its 

maximum potential in neutral water.  It should be noted that the reason for 

this catalytic activity involves the deprotonated complex of the TAML 

molecule.  At lower pH there is a higher ratio of ferric iron to ferrous iron; as 

the pH increases, more electron donors are available and more complexes 

are reduced to their ferrous form, prompting the catalytic reaction.  While 

this issue prevents TAML catalysts from performing most efficiently at 

neutral pH, catalysts must also be able to perform for long enough periods of 

time to be considered significantly efficient, and again the current TAML 

model falls short of this characteristic. 

 TAML molecules, like most catalysts, undergo degradation over a 

certain amount of time.  TAML catalysts, however, also undergo self-
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degradation which further decreases their efficiency.  While the current 

model is so far the most stable, this lack of selectivity allows the molecule to 

retain a “half-life of [only]…3500s” [29].  In its current form, commercial 

use of the TAML molecule would require such large amounts of it that the 

iron left over from degradation of the molecules would rapidly become yet 

another source of waste in the very streams they would be used in.   

 While the most recent structure design in the TAML project (Figure 

1.4) has certain shortcomings, it is by far the most effective design yet in the 

development of the project.  As has been done with each step in this process, 

the current design has been analyzed to determine the reasons for the 

drawbacks in the design and a few modifications in the target molecule have 

been made.  The next chapter discusses the identified weak points and 

potential solutions to them.  While these solutions are only speculative, they 

are based in precedent and therefore have been hypothesized as the greenest 

and most efficient alterations to the molecule. 

 

1.4.3     Previous Attempts 

The purpose of this thesis was to determine a synthesis route that would 

effectively yield a tetraamido macrocyclic ligand that was structurally 

similar to the molecule designed by Terrence J. Collins in his 2009 article 
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“Design of More Powerful Iron-TAML Peroxidase Enzyme Mimics” 

(shown in figure 1.4) [29].   

 

 

Figure 1.4: TAML molecule (e) that has been designated  

the most efficient to date [29]. 

 Two other theses, however, have attempted to synthesize the mimic of 

this molecule, in which the quaternary carbon (C17) is altered to a tertiary 

carbon or even a secondary carbon, removing one or both of the methyl 

groups, respectively.  The first of these theses dedicated to this synthesis was 

written by Daniel Kaplan, who attempted using 2-nitroaniline as a precursor 

for the macrocycle.  Eric Andreansky, who attempted the project more 

recently, conducted his syntheses using 1,2- phenylene diamine as a 

precursor and also synthesized methyl propargyl malonyl dichloride in an 

attempt to form the macrocycle [32].  Both of these projects, however, fell 
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short of their synthetic goals, and both authors were able to speculate as to 

why their respective synthesis routes failed. 

 In the literature procedure provided by Collins et al. [29], the use of 4-

nitro-o-phenylene diamine as a precursor is first subject to boc-protection of 

the C2 amine group.  The protected compound is then reacted with 

dimethylmalonyl dichloride, then deprotected.  The unclosed macrocycle 

then reacts with oxalyl chloride, forming the uncoordinated closed 

macrocycle (Figure 1.5) [30].  Altering this route, Daniel Kaplan used 2-

nitroaniline as opposed to boc-protected 4-nitro-o-phenylene diamine.  He 

also reacted 2-nitroaniline with oxalyl chloride before reacting it with the 

malonyl dichloride.  Referencing research by Rothnie and Black [30], 

Kaplan attempted to reduce the nitro groups in the second step, then add the 

malonyl fragment to close the macrocycle.  The compound N, N’ – bis(2-

nitroaniline) oxanilide, however, was found to be insoluble in all but boiling 

DMSO.  The lack of solubility prevented Kaplan from further conducting 

experiments, and the synthesis of the macrocycle was never achieved.  
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 Figure 1.5: Reaction pathway used by Terrence J. Collins et.al. [31] 

 

 In the thesis concerning this project following Daniel Kaplan’s, Eric 

Andreansky attempted to use di-tert-butyl dicarbonate to create a tert-
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butoxycarbonyl (Boc) protecting group on one of the amine groups of o-

phenylenediamine.  After this successful synthesis, oxalyl chloride was then 

reacted with the o-phenylenediamine-N-tertbutoxycarbonyl in a 1:2 ratio, 

respectively, to give 2,2'-(dicarbamate, tert-butyl ester)oxanilide.  After de-

protection of this complex, the 2, 2’ – diaminooxanilide molecule was to 

undergo a reaction with methyl propargyl malonyl dichloride, a molecule 

synthesized specifically for the thesis, to form the uncoordinated 

macrocycle, 15-methyl-15-propargyl-5, 8, 13, 17-tetrahydro-5, 8 13, 17-

tetraaza-dibenzo[a, g] cyclotridecene-6, 7, 14, 16-tetraone.  Analyses of 

multiple attempts at this last step, however, showed significant impurities 

suggesting reaction incompletion and even polymerization [32].   

 In Andreansky’s “Partial Synthesis of Fe(III) – Tetraamido 

Macrocyclic Ligands as Potential Green Oxidation Catalysts”, he theorizes 

that incompletion of the macrocyclization attempted in his thesis could have 

been due to the conformation of 2, 2’ – diaminooxanilide.  If the molecule 

retains a trans conformation, as shown in figure 1.6, then macrocyclization 

would be hindered by the position of the amine groups, requiring a 

conformational change to adhere to the shape of the macrocycle.  This trans 

conformation would theoretically allow for the cancellation of dipole 

moments in the molecule, and would also potentially allow for hydrogen 
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bonding between the carbonyl oxygen atoms and the amine hydrogen atoms.  

The hydrogen bonding and dipole cancellation would be theoretically stable, 

and would decrease the likelihood of the molecule obtaining a cis 

conformation [32].  This hypothesis, explaining the difficulty of synthesizing 

the macrocycle from 2, 2’ – diaminooxanilide, prompted, in this thesis, a 

synthetic route mirroring that of the literature procedure provided by 

Terrence J. Collins. 

 

 

Figure 1.6: A predicted trans conformation of 2, 2’ diaminooxanilide [32] 

  

 The order in which previous reactions were conducted was an attempt 

to perform said reactions in the most efficient way possible; methyl 

propargyl malonyl dichloride is not a commercially available molecule and 

is derived from propargyl bromide and diethyl methyl malonate.  By using 

oxalyl chloride, a commercially available compound, to synthesize 2, 2’ – 

diaminooxanilide while simultaneously conducting the synthesis of methyl 

propargyl malonyl dichloride, the overall synthesis of the macrocycle would 
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not have to be linear and therefore would be more efficient.  Without the 

achievement of the macrocycle, however, an alternative route was necessary. 

 The project to design a stable Tetraamido Macrocyclic Ligand has 

been worked on for over thirty years and was initiated in the attempt to 

remove pollutants from the effluent streams specifically used by textile 

industries.  Terrence J. Collins and his associates have been modifying the 

original design based on kinetics analyses taken of each model, with 

noticeable variations made each time the design was improved.  The most 

recent (and effective) design of the iron-TAML (Figure 1.4, e), with slight 

alterations, was the target ligand attempted in this thesis.   
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Chapter 2 

 

Results and Discussion 

According to the literature procedures published by Terrence Collins, o-

phenylenediamine – N – tertbutoxycarbonyl is reacted with dimethyl 

malonyl dichloride first, followed by the deprotection of the amine groups, 

and finally oxalyl chloride is used to close the macrocycle.  While it is not 

explained as to why this was the route chosen by Collins’ group, it was 

reported that the uncoordinated macrocycle synthesis yielded 55% product 

(final procedure) [29]. It can be rationalized that the extra carbon that 

malonate groups have (as opposed to oxalyl groups) allows for more 

stereoflexibility, increasing the likelihood of reaction success for the closing 

of the macrocycle.  Attempts at these reactions, however, using o-phenylene 

diamine and malonyl dichloride, as opposed to the structural analogs used in 

Collins’ literature procedures, were analyzed to find that the desired 

product(s) were not present.  Alternative reactions were therefore researched 

in an attempt to find a novel synthetic route for the macrocycle. 
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2.1    Modifications to the TAML Structure  

  

2.1.1    Alterations 

 In this thesis, both designs of the 2009 TAML molecule, with and 

without the nitro groups, have been attempted in synthesis.  Collins reports 

that the di-nitro variation of the compound was found to be the catalyst with 

the lowest rate of degradation, however in using 4-nitro-o-phenylenediamine 

as a precursor, the process of drying the compound for practical use as a 

reactant required a large amount of ethanol in proportion to the 4-nitro-o-

phenylediamine being dried; subsequently the waste produced in the drying 

process reduced the atom economy of the overall procedure.  O-

phenylenediamine was therefore preferred in the synthesis process following 

that of Collins et. al.  One of the alterations made in the target design of this 

thesis was that the C17 carbon (figure 1.4), (quaternary bonded to the 

dimethyl group) would have either one or no methyl groups attached.  This 

would leave the C17 site open for deprotonation and it was theorized that the 

tertiary (or secondary) carbon would possibly allow for the addition of a 

triazole functional group, the projected final alteration to the up-to-date 

model. 
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2.1.2   Prospective Benefits of the Modified Ligand 

Design 

  As shown in figure 2.1, the triazole ring would be attached to the 

molecule as a ‘tail’, allowing more flexible stereochemistry for the group 

which, hopefully, would enable coordination of one of the triazole’s nitrogen 

atoms with the iron.  This square pyramidal structure would, in theory, allow 

for more selectivity in the catalytic reactions, hopefully reducing 

degradation between catalysts.  The last prospective benefit to the altered 

structure of the current TAML design again involves the triazole group, 

attaching to it a solid support system.  It is hypothesized that this will 

improve the kinetics of the catalytic ability of the molecule by reducing the 

amount of interactions between catalysts, reducing the degradation that 

occurs with the current model. 
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Figure 2.1: The proposed macrocyclic ligand  

  

2.1.3   Identifying the Functional Groups 

In synthesizing a novel ligand, it is beneficial to identify potential reactants 

by separating the compound into groups.  As can be seen in figure 2.1, the 

triazole group (marked as Group A) forms one functional group, then there 

is an identifiable malonate group (Group B), the symmetrical 

phenylenediamine groups (Group C), and an oxalyl group (Group D).  While 

these are simply designated functional groups, and certainly not the only 

reaction sites, they are the focus of this thesis and therefore alternate routes 
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will not be discussed in detail.  Based off of the literature procedures 

published by Terry Collins, the first reaction necessary is the protection of o-

phenylenediamine, followed by addition of the malonate fragment, and 

finally a reaction with oxalyl chloride to close the macrocycle (Figure 1.5). 

 

2.2     Attempted Pathways 

In the conclusion of his thesis, Eric Andreansky states that the best synthesis 

route to take is to first protect o-phenylene diamine using di-tert-butyl 

dicarbonate (boc-protection), reacting the boc-protected compound with the 

malonyl group in a 2:1 ratio, respectively, and then finally closing the 

macrocycle with oxalyl chloride [32].  This was the intended pathway of this 

thesis, though instead of following the route provided by Collins’ research 

group [29], alternate pathways were researched and tested in an attempt to 

find the route with the best atom economy. 

 

2.2.1    Methyl Propargyl Malonyl Dichloride [29, 32] 

One notable difference in the syntheses performed in this thesis is that, 

because the malonyl group is intended to react with the phenylene diamine 

groups, reactions to close the macrocycle could not begin until the synthesis 
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of methyl propargyl malonyl dichloride was completed, and because the 

dichloride was reported by Eric Andreansky as being unstable for extended 

periods of time, it was quickly realized that approaching the macrocycle via 

this method would result in various complications.  One of the most 

prominent complications of this method would be that, should all of the 

methyl propargyl malonyl dichloride be used up in failed reactions, 

attempting another reaction would require the time needed to resynthesize 

the dichloride and would reduce the overall efficiency of the reaction 

pathway.  This decrease in efficiency prompted a revision of the synthesis, 

using malonyl dichloride (as well as diethyl methyl malonate and diethyl 

malonate) as a precursor instead, which would, theoretically, leave the C2 

carbon susceptible to deprotonation once the macrocycle was complete.  

This would prospectively allow the attachment of a solid support as 

proposed earlier. 

 

2.2.2     Dichlorobis – 1, 2 – Phenylenediamine Nickel   

Another of the methods attempted in synthesizing this ligand was a 

coordination of o-phenylenediamine to nickel (II) chloride in a 2:1 ratio, 

respectively.  The reason behind this method stems from the symmetry of o-

phenylenediamine and the desire to eliminate as many by-products as 
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necessary.  It was hypothesized that in synthesizing dichlorobis – 1, 2 – 

phenylenediamine nickel, the coordination of the two phenylenediamines 

would prevent unwanted by-products in the next reaction with malonyl 

dichloride.  Literature procedures having synthesized the nickel-coordinated 

bis-phenylenediamine, however, reported reactions lasting seven days [33], 

and when these syntheses were attempted, it was found that sufficient 

analysis of the product was unavailable.  The inefficiency of the reaction 

coupled with the lack of determination of its completion led to the use of 

alternative routes.  

 

2.2.3     O-Phenylenediamine and Malonyl Dichloride    

 

Figure 2.2: Proposed scheme from Karaböcek et. al. [34] 

 Attempts at the synthesis of N, N’ – Bis (2-aminophenyl) malonamide were 

conducted using the literature procedure published by Karaböcek et. al., 

reacting malonyl dichloride with o-phenylenediamine in a 1:2 ratio 

(respectively) and using dichloromethane as the solvent.  This procedure was 

X 
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chosen because, in theory, it would eliminate the need for protecting groups 

and therefore increase the overall atom economy of the reaction (pending the 

yield).  The article used, however, does not report removal or evidence of 

hydrogen chloride, the byproduct of deprotonation of the amine group by the 

chloride ion produced by malonyl dichloride [34].  Thus, although crude 

NMR spectra revealed evidence of product formation in several reactions, 

the work-up of the reaction proved ineffective in isolating analysis-grade 

product in every attempt.  This literature procedure was hence regarded as 

having insufficient information for the complete synthesis and isolation of 

N, N’ – bis (2-aminophenyl) malonamide. 

 

2.3      N, N’ – Bis(2-Nitrophenyl) Malonamide  

N, N’ – bis(2-nitrophenyl) malonamide was considered as a possible 

precursor for the completed macrocycle.  It was theorized that the nitro 

group in 2-nitroaniline could act as a protecting group in the synthesis of N, 

N’ – bis(2-nitrophenyl) malonamide, and the nitro groups could later be 

reduced to form the amino derivative.  The use of malonyl dichloride as 

opposed to oxalyl chloride was proposed to eliminate or at least reduce the 

insolubility problems that Kaplan faced.   
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2.3.1      Using Diethyl Malonate [35] 

The synthesis of N, N’ – bis(2-nitrophenyl) malonamide using diethyl 

malonate as a reactant was a procedure found during the research of the 

malonamide compound.  The article, Synthesis and Characterization of 

Alkaline Earth Metal Complexes of Schiff Bases is by Xiao et. al. and is 

written completely in simplified Han Chinese.  The lack of translation, along 

with limited access to the article, resulted in having only guidelines to 

reference when conducting the procedure in the laboratory.  The reactants 

used were 2-nitroaniline and diethyl malonate, the solvent used was xylene, 

and the reaction was heated to reflux for two hours, then to 195
o 
C until the 

reaction reached completion.  No mass or mole amounts for reactant or 

solvent were available, so the reaction was conducted using 25 mmol of 

diethyl malonate and 50 mmol of 2-nitroaniline.   Since the boiling point of 

xylene ranges from 138
o
C (p-xylene) to 144

o
C (o-xylene), it was apparent 

that the solvent needed to be removed after being heated to reflux in order to 

reach 195
o
C, roughly the boiling point of diethyl malonate [35].   

 The procedure based on the article by Xiao et. al. was found to yield 

product after several attempts.  The mass yield, however, proved to be much 

less than what was reported in the guidelines used.  Furthermore, complete 
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isolation of the product required several hot ethanol washes, and 

consequently produced large quantities of waste.  While NMR and IR 

analyses of the product confirm reaction completion, the low yield of 

product and high energy consumption and waste amount made this reaction 

undesirable in terms of atom economy.  Furthermore, only one out of the 

several reactions attempted yielded significant amount of product, and this 

reaction was therefore regarded as being too inefficient to be used in the 

synthesis of the novel macrocycle design. 

 After the single successful synthesis of N, N’ – bis(2-nitrophenyl) 

malonamide, attempts at reduction of the nitro groups were conducted on 

less than 5mmol scales.  Nitro-reduction reactions are common in organic 

chemistry, and therefore several different methods of the synthesis of N, N’ 

– bis(2-aminophenyl) malonamide were conducted.  Due to the small 

amount of starting material available to conduct these reactions, however, 

the number of attempts possible for each reaction was limited to one, and 

since there were no available articles for the exact synthesis being 

conducted, each reaction had to be modified to compensate for the di-nitro 

compound.  This lack of availability of starting material and lack of 

sufficient literature resulted in failure for each reduction attempt. 
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Chapter 3 

General Experimental 

All of the following reactions used chemicals purchased from either Acros 

or Sigma Aldrich. All chemicals were used as received unless otherwise 

noted. Solvents were dried in the following manner: dichloromethane and 

triethylamine were dried over calcium hydride, subsequently distilled, and 

stored over 5Å molecular sieves; tetrahydrofuran was dried over sodium/ 

benzophenone ketyl, distilled, and used immediately. A Bruker AC 250 

NMR spectrometer was used for all NMR studies. Analytical TLC was done 

on fluorescent aluminum-backed silica gel TLC plates. Visualization of TLC 

plates was done by iodine. A polyethylene glycol (PEG) bath or heating 

mantle was used for heating all reactions, unless otherwise indicated. 

Common abbreviations used: DCM (dichloromethane, methylene chloride); 

DI (deionized water); DMF (dimethyl formamide); DMSO (dimethyl 

sulfoxide); Et3N (triethylamine); EtOH (ethanol); NaOEt (sodium ethoxide); 

pyr (pyridine); rb (round bottom); rt (room temperature); THF 

(tetrahydrofuran); wt (weight). 
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3.1 Synthesis of tert-butyl (2 – aminophenyl) 

 carbamate 

 

Figure 3.1: Synthesis of tert-butyl (2 – aminophenyl) carbamate [29] 

 

 1.5 mL dry triethyl amine was added to approximately 10 mL of dry 

THF in a 50 mL round-bottom flask with stirring under nitrogen gas.  0.911 

g (8.32 mmol) of o-phenylene diamine was then added to the flask, followed 

by 1.98 g (9.05 mmol) di-tert-butyl dicarbonate.  The reaction was left to stir 

overnight and the solvent was then removed under reduced pressure.  The 

remaining crude product was sonicated under hexanes for approximately 

half an hour and then vacuum filtered to obtain 1.212 g (5.8 mmol, 69.9% 

yield) tert-butyl (2-aminophenyl) carbamate.  
1
H-NMR (d

6
-DMSO) 8.3 ppm 

(s, 1H, NHC=O), 7.2 ppm (d, 1H, Ar-H), 6.8 ppm (t, 1H, Ar-H), 6.65 ppm 

(t, 1H, Ar-H), 6.5 ppm (d, 1H, Ar-H), 4.8 ppm (s, 2H, Ar-NH2), 1.5 ppm (s, 

9H, C(CH3)3). 
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Notes: 

 Di-tert butyl dicarbonate has a melting point of approximately 22º  C.  

Gently heating the container in a warm water bath will therefore melt 

the solid and the compound can be added via syringe.   

 The crude product (after solvent removal) was found to exist in 

several different forms.  The following step of sonication under 

hexanes is therefore crucial in isolating the final product.  
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3.2  Synthesis of N, N’ Bis(2-nitrophenyl) 

Malonamide 

 

Figure 3.2: Synthesis of N, N’ – bis(2-nitrophenyl) malonamide [35] 

In a 3-neck, 500 mL Rb Flask, 6.94 g (50 mmol) 2-nitroaniline was added to 

100 mL xylenes with stirring.  3.8 mL (25 mmol) diethyl malonate was 

added to the reaction, and the reaction was heated to reflux using a 

collection flask to ensure the removal of the solvent.  The reaction was left 

to stir at reflux overnight, and after 20 hours was taken off heat.  Once 

cooled, any remaining solvent was removed under reduced pressure and the 

solid was then put under high vacuum for 1 hour.  The reaction was again 

heated, this time to 175
o 
C, and left overnight once more.  The solid was then 

suspended in approximately 50mL ethanol and heated to reflux.  Vacuum 

filtering of the mixture yielded a yellow solid and red filtrate.  Crude NMR 

of the solid showed evidence of product, and the yellow solid was again 
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suspended in ethanol (20 mL) and heated to reflux.  Vacuum filtration of this 

mixture yielded 3.12 g of crude product.   
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3.3  Synthesis of Dichlorobis(1,2 –     

  phenylenediamine) Nickel(II)  

 

Figure 3.3: Synthesis of dichlorobis(1,2 – phenylenediamine) nickel(II) 

3.3.1 Maxcy et al. [33] 

138 mg (1.06 mmol) nickel (II) chloride was dissolved in 30 mL 4.02 mM 

hydrochloric acid to form approximately 1.06 mmol of the nickel (II) 

chloride hexahydrate complex.  229 mg (2.12 mmol) o-phenylenediamine 

was then mixed into the solution and let stir at room temperature for five 

days.  Stirring was then stopped and the solution was stored in the 

refrigerator to recrystallize for nine days.  The reaction showed no signs of 

recrystallizing, so the solution was left uncovered in the hood to allow for 

gentle evaporation of the water.  The solution was then gently evaporated 

under reduced pressure to yield wet crystals.  The crystals were then 

dissolved in 40 mL of ethanol and evaporated under reduced pressure.  This 
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step was repeated to obtain 305 mg (83.3% yield) of product (possibly 

dichlorobis(1,2 – phenylenediamine) nickel(II)). 

Notes: 

 This procedure is taken from literature mentioned in the annotated 

bibliography (Maxcy et al.) and is performed at half the scale used in 

this procedure.  The amount of solution, however, remained the same, 

which accounts for the difficulty in recrystallizing the product. 

 The literature procedure calls for 1, 2 – phenylenediamine di-

hydrochloride, a compound which was not available in this laboratory.  

Hence, approximately 2mmol of hydrochloric acid was added to the 

distilled water to compensate for this. 

 Analysis of this compound could not be conducted in the laboratory, 

but the crystals’ color, a dark red-brown, match that of the color 

observed by the literature procedure.   
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3.3.2 Novel Reaction  

127 mg NiCl2 (0.98 mmol) was added to 30 mL EtOH in a 100 mL rb flask 

with stirring and was heated to approximately 50
O 

C.  206 mg (1.91 mmol) 

1,2 - phenylenediamine was then added, along with 1.12 mL distilled water.  

The reaction was left to run overnight, and was taken off heating and 

stirring.  The precipitate was collected by vacuum filtration and washed with 

hexane.  250 mg (est. 72.3% yield) collected.  

Notes: 

 A small amount of water is necessary in this reaction in order to form 

the nickel (II) chloride hexahydrate complex which dissolves in 

ethanol more readily than its anhydrous counterpart. 

 The precipitate formed in this reaction, the presumed product, is a 

light blue powder.  Analyses of this compound using equipment in the 

laboratory are inconclusive. 
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3.4 Synthesis of Methyl Propargyl Malonyl 

Diethyl Ester 

 

 

Figure 3.4: Synthesis of methyl propargyl malonyl diethyl ester [32] 

0.887 g (40.3 mmol) sodium metal was cut under hexane, dried, and allowed 

to dissolve in 50 mL ethanol in a 250 mL round-bottom flask.  After the 

sodium was completely consumed, 5.4 mL (47.16 mmol) diethyl methyl 

malonate was added and allowed to react for one hour at room temperature.  

7 mL (62.8 mmol) propargyl bromide (80% wt. in toluene) was then added 

drop wise to the reaction, with white precipitate noted within five minutes of 

its addition.  The reaction was then left to run overnight, and was then 

quenched with 25 mL distilled water.  The ethanol was then evaporated 

under reduced pressure, and extraction was performed using 3 x 25 mL 

dichloromethane.  The combined organic phases were then dried over 

anhydrous sodium sulfate, filtered, and the solvent was evaporated under 

reduced pressure to obtain 6.68 g (66.7% yield) of methyl propargyl malonyl 

diethyl ester as a yellow-orange oil.  
1
H-NMR (CDCl3): 4.2 ppm (q, 4H, 

OCH2CH3); 2.7 ppm (d, 2H, CH2C≡CH); 2.1 ppm (t, 1H, CH2C≡CH); 1.4 
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ppm (s,  3H, CH3); 1.1 ppm (t, 6H, OCH2CH3).  
13

C-NMR (d
6
-DMSO): 170 

ppm (C=O); 79 ppm (C≡CH); 74 ppm (C≡CH); 60 ppm (OCH2CH3); 52 

ppm (C – CH3); 24 ppm (CH2C≡CH); 19 ppm (C-CH3); 14 ppm 

(OCH2CH3). 

Notes:  

 Fresh absolute ethanol is required for the success of this reaction, as 

trace amounts of water will consume sodium metal, preventing the 

necessary amount of sodium ethoxide from being formed. 
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3.5 Synthesis of Methyl Propargyl Malonic 

Acid 

 

Figure 3.5: Synthesis of methyl propargyl malonic acid [32] 

3.63 g (90.8 mmol) solid sodium hydroxide was dissolved in 5 mL distilled 

water with stirring in a 25 mL round bottom flask.  After the solid was 

completely dissolved, 1.08 g (5 mmol) methyl propargyl malonyl diethyl 

ester was added, forming a bilayer reaction mixture and, after a few minutes 

of stirring, a small amount of precipitate.  The reaction was then placed on a 

water/ice bath, followed by the addition of concentrated hydrochloric acid 

until pH ≤ 2, and the reaction was extracted with ethyl acetate (3 x 15 mL).  

The combined organic layers were dried over anhydrous sodium sulfate, 

filtered, and evaporated under reduced pressure to obtain 380 mg (49% 

yield) of methyl propargyl malonic acid, a light yellow-orange solid.  
1
H-

NMR (d
6
-DMSO): 9.3 ppm (b, 2H, COOH); 2.8 ppm (s, 1H, CH2C≡CH); 

2.6 ppm (s, 2H, CH2C≡H); 1.4 ppm (s, 3H, CH3).  
13

C-NMR (d
6
-DMSO): 
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171 ppm (C=O); 81 ppm (C≡CH); 73 ppm (C≡CH); 53 ppm (C – CH3); 27 

ppm (CH2C≡CH); 19 ppm (CH3).   

Notes: 

 Rigorous stirring is required in order to properly mix the immiscible 

starting material with the sodium hydroxide solution.  This can be 

done with a magnetic stirring bar due to the reaction’s small scale.  
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Chapter 4 

Conclusion and Further Work 

Several different types of reactions were conducted in an effort to synthesize 

a novel tetra-amido macrocyclic ligand in the most atom economic way 

possible.  After multiple attempts using several different literature 

procedures, no significant progress in closing the macrocycle or reducing the 

atom economy was made.  It was therefore concluded that, until a better 

procedure is found, the route conducted by the research group at Carnegie 

Mellon should be pursued in order to ultimately synthesize the novel 

macrocycle.  After macrocycle closure, coordinating the ligand with iron 

will be the final step before solid support attachment.  
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Appendix A 

Spectra 
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Figure A1: HNMR Spectra of Boc-protected O-phenylene Diamine 
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Figure A2: C-NMR Spectra of Boc-protected O-phenylene Diamine  
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Figure A3: H-NMR Spectra of Methyl Propargyl Malonyl Diethyl Ester 
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Figure A4: CNMR Spectra of Methyl Propargyl Malonyl Diethyl Ester 
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Figure A5: HNMR Spectra of Methyl Propargyl Malonic Acid 
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Figure A6: CNMR Spectra of Methyl Propargyl Malonic Acid 
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