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CHAPTER 1 

 

INTRODUCTION 

 

The Discovery of Aspirin 

 

 Traditional herbal medicine has been used for several thousand years to treat 

various maladies. For example, qinghaosu, or artemisinin, was known to treat malaria in 

China more than 1000 years ago.1 A common method to reduce fever, even before this 

time, was with the use of willow tree bark or leaves. Unbeknownst to the people of that 

age, the key component of the willow tree would become an important precursor of a 

commonly used drug throughout the world several thousand years later. This well-known 

drug is now known as aspirin (1.1) (Figure 1.1). A brief timeline towards the discovery of aspirin will be 

highlighted, and then a discussion of its inhibition of the enzymes cyclooxygenase-1 (COX-1) and 

cyclooxygenase-2 (COX-2) will ensue. 

 As mentioned previously, ancient civilizations knew of the medicinal benefits of the willow tree. 

Assyrians (4000 BC) used the extract of willow leaves for uncomfortable musculoskeletal joint pain conditions. 

Five hundred years later, the Sumerians (3500 BC) described the use of willow tree leaves to treat various 

ailments. More than two thousand years later, Egyptians (1300 BC) utilized its leaves for general pain, joint pain, 

and for reducing inflammation associated with wounds. All the aforementioned civilizations knew of the willow 

tree’s ability as an antipyretic medicine. This knowledge was passed on from civilization to civilization and 

continued into the Grecian age where Hippocrates (400 BC) used it to treat fever as well as reduce pain for 

mothers in childbirth.2 For many centuries, few advancements with the willow tree had progressed, but in 1763 

Edward Stone, an Oxfordshire reverend, investigated the use of willow powder to treat ague, or a fever caused 

from malaria.3 The willow tree powder was prepared by allowing the bark to dry outside a baker’s oven for three 

months, and then, it was pounded and sifted into a powder. The active ingredient of willow tree powder, salicin, 

was not determined until 1828 when Johann Buchner, professor of pharmacology at the University of Munich, 

extracted and purified it into yellow crystals. Ten years later, Raffaele Piria, an Italian chemist, resolved the 

chemical structure of salicin and then oxidized salicyl alcohol to salicylic acid. In 1876 Thomas MacLagan, a 

Scottish physician, administered the first clinical trial of salicin; however, despite its antipyretic effects, salicin 

was not accepted as a drug due to problems with gastritis. Roughly two decades later in the late 1890’s Arthur 

Eichengrün, Felix Hoffmann, and Heinrich Dreser worked in a pharmaceutical division at the German dye 

manufacturer, Bayer. They desired to find an alternative to salicin without the gastritic side effects.4 Indeed, they 

 
Figure 1.1. Structure 

of Aspirin (aka 

Acetylsalicylic acid). 
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discovered acetylsalicylic acid, or aspirin. By the time the worldwide outbreak of influenza in 1918 came around, 

aspirin was widely accepted to treat fever. By 1971 John Vane, a British pharmacologist, demonstrated that aspirin 

and other anti-inflammatory drugs inhibited the production of prostaglandins.5 Five years later aspirin was shown 

to inhibit cyclooxygenase.4 At this point in time, the mechanism of action of how aspirin and other non-steroidal 

anti-inflammatory drugs (NSAIDs) inhibited the cyclooxygenase enzymes was not known. Before a dialog of this 

topic, an introduction of the COX enzymes is necessary. 

 

Structural and Functional Insights of COX-1 and COX-2 

 

Since the late 1980’s, the enzymes COX-1 and COX-2 have been well known for the established 

transformation of arachidonic acid towards prostaglandin H2 (PGH2) which is then converted into various 

eicosanoids: prostaglandins, prostacyclin and thromboxanes.6 Each eicosanoid plays a specific physiological role 

in the inflammatory response which will be elaborated in more detail in a later section, but before this, an 

understanding of how compounds are transformed by the COX enzymes is necessary.  

Since the discovery that anti-inflammatory drugs inhibit prostaglandin production in 1971, significant 

insights regarding the structure and function of the COX enzymes have been established. The genetic arrangement 

of the COX enzymes is highly conserved in all species of vertebrates including murine organisms.7,8 In all of these 

organisms, the 3D structures of both COX-1 and COX-2 are virtually superimposable; they contain 576 and 581 

amino acids, respectively.9 The COX enzymes exist as homodimers with a C2 axis of symmetry and reside in the 

endoplasmic reticulum and the nuclear envelope.10 COX-1 is found in most tissues and responsible for basal 

functions of gastric mucosa, kidney function and platelet aggregation.11 In contrast, COX-2 is constitutively 

expressed in brain and kidney tissues. COX-2 was originally believed to only be induced during inflammation 

 
Figure 1.2. Structure of Ovine Cyclooxygenase-1 (oCOX-1) (A) Ribbon diagram of the COX-1 homodimer bound with flurbiprofen 

bound (yellow). Key structural features of the enzymes are labeled accordingly: epidermal growth factor domain (green), membrane 

binding domain (gold), catalytic domain (blue), heme (red). (B) Ribbon drawing of COX-1 monomer with flurbiprofen bound (yellow). 

Reproduced with permission from the Annual Review of Biochemistry, Volume 69 © 2000 by Annual 

Reviews, http://www.annualreviews.org. 

https://nam04.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.annualreviews.org%2F&data=02%7C01%7Cdanielle.n.penk%40vanderbilt.edu%7C747aff45b18844d0f18608d83f98f3e0%7Cba5a7f39e3be4ab3b45067fa80faecad%7C0%7C0%7C637329273440214660&sdata=T9UXhlm2LU%2Bh8j4XRNtFVKPTFY%2BBz5hUTdV6RzZo%2FOU%3D&reserved=0
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when activated by cytokines, mitogens, endotoxins, and tumor promotors; however, it is clear it also plays 

physiological roles within its expressed tissues in addition to cardiovascular systems.12 Within both COX 

enzymes, each subunit of the dimers contains three structural domains: an epidermal growth factor domain 

(residues 34-72), a membrane binding domain (residues 73-116), and a large catalytic domain (residues 117-586), 

containing two active sites (Figure 1.2).13  

Of the three domains, the least is known about the 

epidermal growth factor and membrane binding domains. From 

what is known, the epidermal growth factor domain is located 

near the dimer interface. Studies have shown a direct 

correlation between the epidermal growth factor domain and 

stimulation of COX-2 in several cancers.14,15,16 Currently, 

researchers are studying how the inhibition of the epidermal 

growth factor domain can become a viable option in treating 

various cancers. The membrane binding domain contains four 

α-helices (A-D). Mutagenesis of α-helices (A-C) reveals the 

hydrophobic and aromatic residues within the helices create an 

interface with the lipid bilayer and, by extension, facilitate in 

protein folding. Additionally, the residues encircle a pocket, 

believed to facilitate entry of polyunsaturated fatty acids within 

the cyclooxygenase active site.17 In both the COX-1 and COX-

2 enzymes, N-glycosylated Asn residues are important for 

proper protein folding and maintaining their native conformations.18,19 

Unlike the other three helices, Helix D protrudes into the catalytic 

domain.  

The globular catalytic domain contains two active sites which are 

interdependent on each other, namely the cyclooxygenase and peroxidase 

active sites; the peroxidase and heme-binding active sites are one in the 

same. First, the cyclooxygenase active site will be discussed. The 

cyclooxygenase active site of COX-2 is significantly larger than in COX-

1 which may allow for a larger variety of substrates to be oxidized. In 

both enzymes this site contains a long, hydrophobic channel, which 

Marnett coined “the lobby” (Figure 1.3).20 This region is where substrates 

or inhibitors bind to the COX enzymes. The bottom of the channel 

 

Figure 1.3. Arachidonic Acid (grey) Bound in the 

Hydrophobic Channel of oCOX-1. Oxygens within 

arachidonic acid (red). Key residues (yellow). Reprinted 

with permission from Blobaum, A.; Marnett, L. J. Med. 

Chem. 2007, 50, 1425–1441.  
 

Further permissions related to this material excerpted 

should be directed to the American Chemical Society. 

https://pubs.acs.org/doi/10.1021/jm0613166. 

 

Figure 1.4. Residues in the Heme Binding 

Region. Reprinted with permission from 

Rouzer, C.; Marnett, L. Chem. Rev. 2003, 

103, 2239–2304. Copyright 2020 American 

Chemical Society. 

https://pubs.acs.org/doi/10.1021/jm0613166
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narrows, and this constricted region is where the carboxylate of a substrate binds. Arg120 and Glu524 are charged 

residues that play a major role in binding carboxylic acid- containing substrates or inhibitors.21 The bottom portion 

of the lobby opens and closes to allow for substrates or inhibitors to enter the cyclooxygenase active site. It is 

believed that the motion of Helix D destabilizes hydrogen bonding of the constricted residues, thereby facilitating 

the opening and closing of the bottom of the lobby.  

Function of the cyclooxygenase active site relies on the peroxidase active site to perform properly. It 

requires the heme group in the bottom shallow cleft of the peroxidase active site to undergo oxidation (Figure 

 
Scheme 1.1. Reaction Mechanism of the COX Enzymes at the Peroxidase and Cyclooxygenase Active Sites. 
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1.4).22 Activation of the peroxidase active site begins with an organic hydroperoxide reacting with the native [Fe3+ 

protoporphyrin (PPIX)]385Tyr resting state, which results in Compound I and an alcohol byproduct. Compound I 

undergoes an intramolecular single electron reduction by the nearby Tyr385 to form Intermediate II. The electron 

transfer occurs from the Tyr385 to the proximal heme ligand His388 then back to the heme group. Alternatively, 

Compound I can undergo a one electron reduction by an electron donor to yield Compound II. Because the NMR 

spectrum of Intermediate II and Compound II are identical, electron paramagnetic resonance (EPR) spectroscopy 

is necessary to elucidate the difference between the two. When a polyunsaturated fatty acid, like arachidonic acid 

(1.2), docks into the cyclooxygenase active site, the Tyr385 radical of Intermediate II can abstract the 13-pro-S 

hydrogen of arachidonic acid, cyclize to form an endoperoxide, which ultimately results in the formation of PGG2 

(1.7) (Scheme 1.1).20 The initiation of the peroxidase active site with the hydroperoxide is essential for the 

function of the cyclooxygenase active site; without a source of hydroperoxide, its function stops abruptly.21 Once 

the Tyr385 radical is generated in the peroxidase active site, if a substrate is already present in the docking site of 

the cyclooxygenase active site, the process becomes autocatalytic until radical induced inactivation occurs.  

Other residues important in the catalytic domain include Tyr384 and Gly533. These residues help lock 

C13 of arachidonic acid into place for the 13-pro-S hydrogen abstraction which occurs during the transformation 

of arachidonic acid to PGH2 (1.8). When arachidonic acid docks into the cyclooxygenase active site, the 385Tyr 

radical from Intermediate II removes its 13-pro-S hydrogen. The resulting pentadienyl radical captures a molecule 

of oxygen at C11. Next, an impending 5-exo-trig cyclization ensues onto C9, and the resulting radical on C8 

undergoes another 5-exo-trig cyclization to afford the bicyclic peroxide. Residues that help promote the 

cyclization of the endoperoxide include Val349, Trp387, and Leu534 which also play an important role in the 

docking arachidonic acid.23 Following the cyclization, the allylic radical traps a second molecule of oxygen, and 

the 385Tyr from Intermediate II offers the hydrogen it had originally abstracted from arachidonic acid to 

ultimately form PGG2. Recollect the peroxidase and cyclooxygenase active sites within the COX enzymes are 

interdependent. After the conversion of arachidonic acid to PGG2 within the cyclooxygenase active site, the 

peroxidase active site can then reduce PGG2 to PGH2. The COX enzymes are not only capable of transforming 

arachidonic acid, but also other polyunsaturated fatty acids. The importance of this radical cascade is 

demonstrated by the fact that the COX enzymes are molecular targets of NSAIDs. In order to elucidate the 

mechanism of action of how NSAIDs like aspirin inhibit COX enzymes, an experiment in which each enzyme 

was treated with aspirin was constructed.24 
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The Mechanism of Action of Aspirin 

 

Under normal conditions both COX enzymes can transform arachidonic acid into PGH2. However, despite 

the structural similarities of the COX enzymes, when treated with aspirin, they produce different outcomes. 

Aspirin-treated COX-1 results in complete inhibition of activity. Whereas, when COX-2 is treated with aspirin, 

it produces 15R-hydroxyeicosatetraenoic acid (1.9, 15R-HETE),25,26 the opposite stereochemistry expected at this 

carbon when compared to PGH2 (Scheme 1.2). In recent years, it has been shown that transformation of 

arachidonic acid by aspirin acetylated COX-2 also forms 15R-HETE.27 Mutation of Ser530 to alanine prevents 

aspirin’s inhibiting effects in COX-2, and peptide analysis reveals aspirin acetylates Ser530.28 Because both COX-

1 and COX-2 share the residue Ser530, it was determined that aspirin inhibits both enzymes in the same fashion, 

but the formation of 15R-HETE with aspirin-treated COX-2 was unresolved. The answer lies in the larger side 

pocket of COX-2.29 When aspirin acetylates Ser530 in COX-2, the result is two-fold. First, arachidonic acid can 

still bind because the pocket is simply larger than in COX-1. Second, the positioning of the acetyl group on Ser530 

alters the conformation of arachidonic 

acid and therefore, changes the 

stereochemical outcome of the 

position oxidized by altering the 

approach of the second molecule of 

oxygen to the opposite side.30,31 Thus, 

the larger pocket in COX-2 explains 

why 15R-HETE forms, and 

additionally why no reaction occurs in 

COX-1. Extensive site-mutagenesis 

studies were required to elucidate 

other residues’ roles in the COX enzymes but will not be discussed herein; for more details, papers by Marnett 

and Gierse can provide more information.32,33 

 

The Pharmacological Importance of COX-1 and COX-2 Inhibitors 

 

 The effectiveness of NSAIDs to reduce pain, fever, or inflammation is useful in a number of clinical 

disorders including osteoarthritis, rheumatoid arthritis, ankylosing spondylitis, gout, dysmenorrhea, dental pain, 

and headache.34,35 There are several chemical motifs of NSAIDs including acetylated salicylates (aspirin 1.1), 

nonacetylated salicylates (salsalate 1.10), propionic acids (naproxen 1.11 and ibuprofen 1.12), phenylacetic acids 

 
Scheme 1.2. Aspirin Treatment of Enzymes COX-1 and COX-2. 
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(diclofenac 1.13), enolic acids (meloxicam 1.14), fenamic acids (meclofenamic acid 1.15), naphthylalanine 

(nabumetone 1.16), selective COX-1 inhibitors (Mofezolac 1.18), and selective COX-2 inhibitors (etoricoxib 1.22 

and celecoxib 1.25) as shown in (Figure 1.5). A plethora of other classes of NSAIDs exist but will not be 

discussed here.36,37 As can be implied with the vast variety of structures presented, these drugs will have different 

effects on how the COX enzymes are inhibited and, by extension, result in diverse side effects in different patients.  

Most NSAIDs, like aspirin and ibuprofen, are nonspecific and inhibit both the COX enzymes; in contrast, 

coxibs, like celecoxib and rofecoxib, more specifically inhibit COX-2.38 Aspirin is unique because it is the only 

clinically-used, nonselective NSAID that irreversibly inactivates the COX enzymes through time dependent, 

covalent modification; all others do so in a noncovalent fashion. Intricate kinetic studies comparing other drugs’ 

inhibition have been conducted but will not be discussed herein; instead, the reader can source a paper by Marnett 

for more details.12 

Overall, NSAIDs are considered to be safe, over-the-counter drugs, but gastrointestinal toxicity is 

experienced by those who take NSAIDs chronically, particularly the elderly.39,40 As the population continues to 

age, it is believed that the daily use of NSAIDs will increase, along with its side effects. Ulcerogenic side effects 

are attributed to COX-1 inhibition which prevents prostaglandin formation, and these protect the gastric mucosa.41 

Interestingly, low dose aspirin preferentially inhibits COX-1 by reducing platelet thromboxane synthesis and 

thrombosis in blood platelets. High dose aspirin, on the other hand, can cause gastrointestinal bleeding. Patients 

with a history of gastrointestinal problems or diseases that impair platelet activities can be sensitive to NSAIDs.42 

Because several NSAIDs are nonselective and target COX-1, it was believed developing COX-2 inhibitors would 

solve the gastrointestinal problems. Indeed, coxibs avoid problems with gastritis; however, the tradeoff is that a 

subset of users experience cardiovascular problems.43,44 A risk-benefit analysis is necessary to determine which 

medications are the best for certain individuals who are susceptible to the negative side effects associated with 

certain NSAIDs. Other potential drugs may be developed to target the COX enzymes without these side effects. 
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Figure 1.5. Structures of Non-steroidal Anti-inflammatory Drugs (a) Nonselective NSAIDs, (b) 

COX-1 Inhibitors, (c) COX-2 Inhibitors. Taken from Perrone and coworkers36. 
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The Inflammatory Response 

 

 The inflammatory response is the body’s protective, coordinative action against four main pathogens: 

viruses, bacteria, fungi and parasites. The three overall goals of inflammation are delivering leukocytes, or white 

blood cells, manipulating blood flow, and initiating repair at the infection site. The first line of defense against 

these pathogens is anatomic barriers which include skin, oral mucosa, respiratory epithelium and the intestines. 

The second is a compilation of various chemical and enzymatic systems to protect against antimicrobial breeches. 

The third defense is innate immune cells including macrophages, granulocytes, and natural killer cells. Finally, if 

a pathogen overcomes all of these barriers, the adaptive immune response recruits B cells, antibodies, and T cells 

for aid.45 To demonstrate the role eicosanoids and other lipid mediators play in the inflammatory response, the 

body’s response to tissue damage will be discussed. 

There are four main changes that occur within blood vessels once the body recognizes that pathogens have 

entered though a wound. First, local blood vessels near the infection site increase their vascular diameter. This 

expansion of the local blood vessels is what is responsible for the heat and redness associated with wounds. 

Increased blood flow also allows white blood cells to access the wound site and eliminate the pathogens more 

quickly. The second change allows leukocytes, like neutrophils, to adhere to endothelial cells,46 or the inner lining 

of blood vessels (Figure 1.6). This allows the leukocytes to squeeze between the endothelial cells into the 

infection site, a process known as extravasation. All the above-mentioned changes are initiated by nearby 

macrophages which come into contact with the invading pathogens first. The macrophages release cytokines, 

chemokines and lipid mediators, each of which have unique receptors (Figure 1.7).47 The first responders to these 

signals are neutrophils. Next, the endothelial barrier becomes more permeable to allow more blood cells to enter 

the infected tissue which results in swelling and pain. Once neutrophils have entered the infection site, both the 

nearby macrophages and incoming neutrophils partake in phagocytosis, or the process by which foreign matter is 

digested. Finally, clotting of the wound prevents more pathogens from entering.48 
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The lipid mediators that macrophages release provide signals and facilitate specific actions in explicit 

tissues and cell types. Eicosanoids are a multitude of lipid mediators that are synthesized from arachidonic acid; 

it is stored as the esterified form and when arachidonic acid is needed, it is then released by group IV calcium-

dependent cytosolic phospholipidase A2 (cPLA2) from the phospholipid membrane.49,50,51 Upon mechanical 

trauma, cPLA2 translocates to the nuclear membrane, golgi apparatus, and endoplasmic reticulum where the COX 

enzymes reside.52 Then the COX enzymes produce PGH2; PGH2 is then transformed into various arachidonic 

metabolites including prostaglandin D2 (1.26, PGD2), prostaglandin E2 (1.27, PGE2), thromboxane A2 (1.28, 

TxA2)  and prostacyclin I2 (1.29, PGI2) (Figure 1.7). Prostaglandin D2 responds to stimuli associated with asthma 

and allergic rhinitis; in addition, it has potential to exhibit anti-tumorigenic activity in cancer cells.6 One of the 

most abundant prostaglandins produced within the body, prostaglandin E2, has been shown to augment arterial 

dilation and increase microvascular permeability. Furthermore, PGE2 has promoted colorectal adenoma growth.53 

Thromboxane A2, with a half-life of only 30 seconds, has been shown to partake in platelet aggregation and 

smooth muscle contraction. TxA2 also plays a major role in angiogenesis and tumorigenesis.6 Prostacyclin I2 is a 

vasodilator and inhibitor of platelet aggregation.54 Each of these arachidonic acid metabolites plays a unique role 

in the inflammatory response and has specific receptors to regulate their corresponding physiological functions; 

however, a complete list will not be provided herein; instead, the reader can source a review by Dennis for more 

information.55 While these metabolites can be beneficial to induce inflammation in the innate response, if 

inflammation, like tissue malfunction, persists this can lead to chronic inflammation and lead to various diseases 

including obesity, type 2 diabetes, atherosclerosis, asthma, and neurodegenerative diseases.56,57  

 
Figure 1.6. Cellular Response to Pathogens Entering a Wound. 
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Figure 1.7. Generic Cell Converting Arachidonic Acid into Various Eicosanoids to Aid in the Inflammatory Response. 
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Section Summary 

 

The goals of Chapters 1 & 2 are to establish the importance of arachidonic acid derivatives produced by 

the COX enzymes and introduce total syntheses to access these compounds. The previous sections demonstrated 

the complexity and significance of understanding how the enzymes COX-1 and COX-2 interact with 

polyunsaturated fatty acids and COX inhibitors. It allows one to appreciate the complexity of only two of the 

5,000 enzymes discovered within the human body to date.58 This section also highlighted how arachidonic acid 

transformed by the COX enzymes function in the human body during the inflammatory response at a molecular 

level. While researchers know the structures of these eicosanoids, they do not necessarily have methods to make 

enough material to conduct studies that specifically investigate their roles and interactions in the human body. 

The next section will provide an analysis of various total syntheses of COX eicosanoids and then discuss the 

biosynthetic pathway of certain classes of arachidonic acid metabolites. 

 

Select Total Syntheses of Eicosanoids 

 

 In this section, nine syntheses of various COX eicosanoids have been chosen to demonstrate multiple 

messages. While older syntheses may not be valued by modern organic chemists and perhaps, even regarded as 

inferior by some individuals because syntheses of certain molecules were racemic or contain 1:1 mixtures of 

diastereomers, it is important to appreciate the knowledge of the past. If not for these initial syntheses, the 

advances of modern organic chemistry would not be seen today. In this section the routes towards various 

eicosanoids range from the year 1969 to 2019 and proceed in order from oldest to newest. Observing how the 

field of organic chemistry has maneuvered over those 50 years is fascinating. Secondly, the syntheses of this 

section provide a variety of unique methods to construct eicosanoids using interesting, classic reactions of organic 

chemistry. Thirdly, another goal is to allow the reader to appreciate the vast amount of COX eicosanoids that 

exist and emphasize the need to study these compounds.  

 

1969 - Corey’s Synthesis of (±)-PGF2α and (±)-PGE2 

 

 The first synthesis which will be discussed is Corey’s synthesis of (±)-PGF2α (1.42) or (±)-PGE2 (1.43) 

(Scheme 1.3).59 Commencement of the addition of cyclopentadienyl sodium to a slight excess of chloromethyl 

methyl ether furnished cyclopentadiene 1.31 which was subjected to Diels-Alder reaction with 2-chloro-

acrylonitrile in the presence of cupric fluoroborate as a catalyst. The resulting product 1.32 contained an 

inconsequential mixture of endo and exo stereoisomers. Hydrolysis of 1.32 with KOH in DMSO converged to 
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anti-bicyclic ketone 1.33. Subsequent Bayer-Villager oxidation provided lactone 1.34. A four-step transformation 

towards the Corey lactone (1.35) involved saponification, followed by immediate iodolactonization with KI3, 

acetyl protection and deiodination with tributyltin hydride. Next, demethylation with BBr3, followed by oxidation 

with Collins’ reagent provided aldehyde 1.36.60 This aldehyde was treated with the sodium salt of phosphonate 

1.37 to give enone 1.38. Reduction of enone 1.38 with zinc borohydride provided a 1:1 mixture of epimers 1.39. 

These epimers can be separated by thin-layer column chromatography. Fortuitously, the undesired 15β-epimer 

can be oxidized to enone 1.38 with manganese dioxide to be recycled. After a replacement of protecting groups, 

DIBAL-H reduction of the lactone and Wittig condensation provided cyclopentane 1.41. Deprotection or 

oxidation steps from the cyclopentane precursor 1.41 ultimately yielded (±)-PGF2α or (±)-PGE2.  
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1990 - Wulff’s Synthesis of (±)-PGE2 Methyl Esters 

 

Wulff’s synthesis of the (±)-PGE2 methyl esters is unique primely because he utilized a vinyl cyclopropane 

thermal rearrangement to construct the cyclopentane core of the prostaglandin (Scheme 1.4).61 In this synthesis, 

carbene 1.45 was prepared from dienyl iodide 1.44.62 It was found that treatment with an acyl bromide increased 

the electrophilic nature of the carbene complex to react with enol ethers. Thus, after removal of lithium salts with 

tetrabutylammonium, carbene 1.45 was treated with acetyl bromide and then an enol silane to afford the cis-dienyl 

cyclopropane 1.46 in a 3.2:1 ratio of epimers. This mixture of epimers 1.46 is carried forward into the thermal 

 
Scheme 1.3. Corey’s Synthesis of (±)-PGF2α and (±)-PGE2. 
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ring expansion at 190 °C to yield cyclopentene 1.47 as a 1:1 mixture of epimers in 85% yield.63 Noyori’s method 

of utilizing triorganotin halides to transmetalate with lithium enolates allows for the installation of side chain 

1.48.64 Then, final removal of the p-methoxybenzyl and tert-butyldimethylsilyl groups affords a racemic mixture 

of PGE2 methyl esters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

1994 - Sato’s Synthesis of Enprostil, a 4,5-didehydro PGE2 Allene Analog 

 

Prostaglandin analogs incorporating allenic groups in place of alkenes into the side-chain have been shown 

to be therapeutically useful such as the 4,5-didehydro PGE2 analog, enprostil (1.57) (Scheme 1.5).65 This drug is 

valuable in preventing and treating gastric and duodenal ulcers which can be caused while taking COX inhibitors. 

Sato and coworkers establish the synthesis of enprostil via a two-component coupling. The synthesis first features 

an interesting 1,4 addition of optically pure enone 1.51 with cupric allene 1.52 in the presence of BF3•OEt2 to 

afford cyclopentenone 1.53.66,67 After a deprotection-oxidation sequence, the resulting carboxylic acid was treated 

with diazomethane to give methyl ester 1.54. Next, a 1,4 addition with Michael acceptor 1.54 and organocuprate 

1.55, made in five steps from commercially available (+)-2,3-O-isopropylidene-L-threitol, provided 

cyclopentanone 1.56 in 90% yield. Final deprotection of the tert-butyldimethylsilyl ethers with hydrogen fluoride 

afforded enprostil as a mixture of isomers in 27% overall yield. Sato’s synthesis is important since it established 

the precedence towards pure enprostil, known to cause even fewer side effects than other prostaglandin 

derivatives. 

 
Scheme 1.4. Wulff’s Synthesis of (±)-PGE2 Methyl Esters. 
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2000 - Fürstner’s Synthesis of PGE2-1,15-lactone 

 

Fürstner and coworkers utilized their alkyne metathesis strategy68,69 to synthesize prostaglandin lactone 

analogues from precursors assembled using a Noyori three-component reaction (Scheme 1.6).70 Prostaglandin 

lactones such as PGE2-1,15-lactone (70) have been isolated from mollusks of the Tethys fimbria species.71 These 

ichthyotoxic compounds are secreted upon mechanical trauma as part of the animal’s defense system. The 

synthesis of PGE2-1,15-lactone begins by using enantiomerically pure vinylstannane 1.59, accessed in two steps 

from commercially available (S)-oct-1-yn-3-ol (1.58). Transmetalation of 1.59 with n-BuLi and in situ formation 

of the dimethylzincate was followed by a conjugate addition onto the Michael acceptor, cyclopentenone 1.60. 

Subsequent in situ trapping of the resulting zinc enolate 1.61 with 4-iodo-but-2-yne (1.62) provided the three-

component coupling product 1.63. After deprotection and esterification steps, the alkyne metathesis precursor 

1.66 was accessed. Treatment of alkyne metathesis precursor 1.66 with molybdenum precatalyst 1.67 led to 

cycloalkyne 1.68 in good yield. Semihydrogenation of the resulting alkyne with Lindlar’s catalyst and desilylation 

with hydrogen fluoride afforded PGE2-1,15-lactone in 28% overall yield. This very elegant synthesis marks the 

first pure stereoisomer of a prostaglandin derivative among the syntheses discussed herein.  

 

 

 

 
Scheme 1.5. Sato’s Synthesis of Enprostil, a 4,5-didehydro PGE2 Allene Analog. 
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2003 - Vidari’s Synthesis of PGJ2 

 

Prostaglandin J2 and its metabolites have been shown to have anti-neoplastic, anti-inflammatory, and anti-

viral effects. Other syntheses of racemic PGJ2 have been reported by Roberts and Newton; however, Vidari’s 

synthesis is the first enantioselective synthesis of PGJ2.72 The synthesis initiates with known enone 1.71, which 

was obtained following Bundy’s original protocol (Scheme 1.7).73 Noyori reduction of enone 1.71 with (S)-

BINAL-H,74 following an alternation of protecting groups led to a dehydration utilizing diethyl azodicarboxylate 

(DEAD) and triphenyl phosphine to afford alkene 1.74.75 DIBAL-H reduction and ensuing selective Z-olefination 

 
Scheme 1.6. Fürstner’s Synthesis of PGE2-1,15-lactone. 
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with the non-stabilized Wittig reagent provided olefin 77 in good yield. Treatment of carboxylic acid 1.77 with 

diazomethane and then conversion to selenide 1.80 proceeded smoothly. Next, oxidation of selenide 1.80 with 

30% H2O2 allowed the resulting selenoxide intermediate to perform the [2,3] sigmatropic rearrangement to the 

desired alcohol. Saponification, followed by mild oxidation with hydroxyiodinane oxide 1.8276,77 in AcOH, and 

desilylation successfully provided PGJ2 enantioselectively. While this synthesis is quite lengthy, Vidari 

showcases the first asymmetric synthesis of PGJ2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 
Scheme 1.7. Vidari’s Synthesis of PGJ2. 
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2004 - Brummond’s Synthesis of 15-deoxy-Δ12,14-PGJ2 

 

Brummond’s synthesis features an intriguing allenic Pauson-Khand type reaction to establish the carbon 

framework of the prostaglandin (Scheme 1.8).78 Initially, a Sonogashira coupling between 4-pentynol (1.85) and 

(E)-1-bromo-1-heptene (1.86) gives enyne 1.87. Treatment of enyne 1.87 with n-BuLi provides allenol 1.88.79 

Then, functional group interconversion, followed by a three-step treatment with t-BuLi, diphenyldichlorosilane, 

and finally ethynylmagnesium bromide provides the alkynyl allene precursor 1.90. Alkynyl allene 1.90 was 

subjected to Pauson-Khand conditions to give a 2:1 mixture of enones 1.91 and 1.92.80 A method to catalyze the 

complete isomerization of enone 1.91 into the desired enone 1.92 was established with boron trifluoride and 

propanedithiol in 64% yield. With the desired (E)-alkylidene cyclopentenone 1.92 in hand, treatment with 

DIBAL-H, followed by cleavage of the silicon tether with benzyltrimethylammonium fluoride, and subsequent 

Fleming-Tamao oxidation conditions gave cyclopentene 1.93.81 Selective oxidation of the primary alcohol 

utilizing the TEMPO protocol provided the aldehyde which was immediately reacted under Wittig conditions. 

Finally, an allylic oxidation with manganese dioxide afforded 15-deoxy-Δ12,14-PGJ2. For other syntheses of 

prostaglandin analogs, the reader is encouraged to peruse this review by Touré and coworkers.82   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1.8. Brummond’s Synthesis of 15-deoxy-Δ12,14-PGJ2. 
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2018 - Sulikowski’s Synthesis of HKE2 

 

Hemiketal E2 (1.106, HKE2) has been shown to be involved in the inflammatory pathway; more detail 

about the biological activity of this eicosanoid will be provided after the completion of the total syntheses section 

on COX metabolites. Sulikowski’s synthesis began with a racemic mixture of p-methoxybenzyl protected 

glycidol 1.96 (Scheme 1.9).83 Utilizing Jacobsen’s hydrolytic-kinetic resolution,84,85 the enantiomerically pure 

epoxide 1.97 was obtained. After epoxide opening and protection of the secondary alcohol, a three-step 

deprotection-oxidation sequence yielded aldehyde 1.99. Then, treatment of vinyl iodide 1.100 with t-BuLi, 

followed by transmetalation with dimethylzinc resulted in a non-basic vinyl zincate which selectively added into 

the aldehyde in a Felkin-Ahn fashion to yield acetylene 1.101. Sonogashira coupling between acetylene 1.101 

and vinyl iodide 1.102 gave the enyne 1.103. Then, gold mediated 5-exo-dig ring cyclization yielded furan 

1.104.86,87 A two-step oxidation sequence and finally global deprotection afforded the final HKE2 (1.106). The 

Sulikowski synthesis is groundbreaking because it demonstrates the first pure stereoisomer of HKE2. 

Unfortunately, access to the other hemiketal D2 remains elusive, and further research must be done to synthesize 

this compound.  

 

 

 

 

 

 
Scheme 1.9. Sulikowski’s Synthesis of HKE2. 
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2019 - Stoltz’ & Grubbs’ Enantioselective Synthesis of 15-deoxy-Δ12,14-PGJ2 

 

Stoltz’ and Grubbs’ synthesis features a lipase-mediated enzymatic resolution, a clever retro Diels-Alder, 

and a one pot homodimerization / stereoretentive metathesis.88 Initially, racemic endo-3-oxodicyclopentadiene 

(±)-1.107 was treated with DIBAL-H, and the resulting endo-alcohol (±)-1.108 was obtained in excellent yield 

(Scheme 1.10). Then kinetic resolution was performed with vinyl acetate in the presence of commercially 

available lipase PS-on-Celite. Endo-acetate (–)-1.110 (48% yield) was separated from endo-alcohol (+)-1.109 

(49% yield). Endo-acetate (–)-1.110 was subjected to deacetylation and Ley-Griffith oxidation conditions to yield 

(+)-1.111. A regioselective and stereoselective conjugate addition by diallyl cuprate installed the allyl group and 

formed an enolate intermediate that was then trapped by the addition of trans-2-octenal. The resulting mixture of 

aldol diastereomers can be converted to the thermodynamically favored E-alkenes upon addition of MsCl to afford 

tricycle (+)-1.112. From here enone (+)-1.113 can be accessed via a Lewis acid catalyzed retro Diels-Alder with 

EtAlCl2 and maleic anhydride.89 Both enantiomers of 1.113 can be accessed in high enantioselectivity; however, 

that will not be shown here. Next, the one pot homodimerization of alcohol 1.114 gives diol 1.115 with high Z-

selectivity in the presence of Ru-1.90 Final treatment of diol 1.115 with enone (+)-1.113 and Ru-1 provides 15-

deoxy-Δ12,14-PGJ2 in 99% yield. This synthesis provides hope that the metathesis approach which will be 

discussed in more detail in Chapter 2 is indeed feasible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 1.10. Stoltz’ & Grubbs’ Enantioselective Synthesis of 15-deoxy-Δ12,14-PGJ2. 
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2019 - Sulikowski’s Synthesis of Tricyclic-PGDM Methyl Ester 

 

The synthesis of tricyclic-PGDM methyl ester began with a cycloisomerization of alkynyl carboxylic acid 

1.119,91 which is made from commercially available 4-pentyn-1-ol (1.117) in four steps, with silver carbonate to 

afford allylic acetate 1.120 (Scheme 1.11).92 Iodoenone 1.121 was transformed into stannane 1.122 which then 

underwent a Stille coupling with allylic acetate 1.120.93 Treatment of the resulting Stille coupling product, enone 

1.123, with titanium tetrachloride and allyltrimethylsilane provided a 1:1 mixture of trans,cis-1.124 and cis,cis-

1.125 isomers.94 Evidence from careful NMR analysis supported the assignments of both isomers. The isomers 

were separable by flash column chromatography and the trans,cis-1.124 isomer was carried forward to the 

tricyclic-PGDM methyl ester. It was found necessary to first remove the bulky tert-butyldimethylsilane group 

and then reduce the resulting ketone with t-BuNH2•BH3 to allow for an improved 3:1 ratio of diastereomers. The 

mixture was carried forward (for simplicity only the major trans-1.126 is shown) to form a mixture of spiroacetals 

(only spiroacetal 1.128 is shown). Ozonolysis, followed by Seyferth-Gilbert conditions of spiroacetal 1.128 

afforded alkyne 1.129 in good yield. Copper-catalyzed coupling of alkyne 1.129 with methyl diazomethane gave 

alkynoate 1.130.95 Final silyl deprotection and semihydrogenation with Lindlar’s catalyst provided the tricyclic-

PGDM methyl ester (1.131). This structurally interesting molecule is significant because its synthesis is the 

shortest known pathway towards this pure stereoisomer. 
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Scheme 1.11. Sulikowski’s Synthesis of Tricyclic-PGDM Methyl Ester. 
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Biosynthetic Pathway of Eicosanoids 

 

Although the roles of certain COX eicosanoid byproducts and their syntheses have been established, it is 

important to address the biosyntheses of other important classes of eicosanoids. Summarized below are three 

biosynthetic pathways towards various arachidonic acid metabolites (Scheme 1.12). The previously mentioned 

pathway involves the conversion of arachidonic acid to PGH2 which ultimately transforms into prostaglandins 

and thromboxanes. The second is a nonenzymatic pathway which utilizes reactive oxygen species (ROS) to 

provide isoprostanes and isofurans. These nonenzymatic products have important uses as biomarkers of oxidative 

stress involved in many diseases.96,97,98 The third pathway oxidizes arachidonic acid with the enzyme 5-

lipooxygenase (5-LOX)99,100,101,102 to afford 5S-hydroperoxyeicosatetraenoic acid (1.132, 5S-HPETE). 5S-HPETE 

can dehydrate to give leukotriene A4 (1.133, LTA4) which eventually forms a series of leukotrienes.103,104 

Alternatively, the peroxidase enzyme reduces 5S-HPETE to afford 5S-hydroxyeicosatetraenoic acid (1.134, 5S-

HETE). The most thoroughly studied pathways involve the COX enzymes and 5-LOX. It was an established 

belief that the biosynthetic pathways toward prostaglandins and leukotrienes acted independently of each other 

as they diverge after the initial oxidation of arachidonic acid via the enzymes COX-2 and 5-LOX, respectively.49 

However, Schneider noticed a structural similarity between arachidonic acid and 5S-HETE. Upon treatment of 

these two compounds with COX-2, the results revealed that just as arachidonic acid forms an endoperoxide 

intermediate PGH2, 5S-HETE reacts in a similar fashion to form diendoperoxide 1.135.105 The identification of 

 
Scheme 1.12. Biosynthetic Pathway of Arachidonic Acid Metabolites. Red oxygens are incorporated from the COX enzymes and 

blue oxygens from 5-LOX. 
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this diendoperoxide led to the discovery that a crossover pathway existed between the two enzymes COX-2 and 

5-LOX. Subsequent collapse of the diendoperoxide either enzymatically or nonenzymatically yields Hemiketal 

D2 (1.138, HKD2) and Hemiketal E2 (1.106, HKE2). Recently, Schneider and coworkers discovered that the 5-

LOX/ COX-2 crossover pathway can also yield 5-hydroxy-prostaglandins.106 With the biosynthesis established, 

the next section will encompass what is known about the biological roles of the hemiketals.  

 

Biological Roles of Hemiketals in Endothelial Cells 

 

In 2011, early studies revealed that the hemiketals stimulate tubulogenesis and cell migration in murine 

pulmonary endothelial cells in vitro (Figure 1.8).107 Unpublished results by Schneider demonstrate an increase in 

angiogenesis in vivo. More recently, Schneider and coworkers utilized charge reversal derivatization and liquid 

chromatography-electrospray ionization-mass spectrometry methods to quantify levels of the hemiketals in 

human leukocytes stimulated ex vivo compared to other 5-LOX and COX-2 metabolites.108 Furthermore, 

chemically-synthesized HKE2 was shown to inhibit platelet aggregation comparable to HKE2 prepared via 

enzymatic synthesis.83 A hypothesis exists that the hemiketals may play an important role in tumorigenesis.6 When 

neutrophils, a source of 5S-HETE, interact with macrophages, a source of COX-2, they can synthesize hemiketals 

from the diendoperoxide as mentioned previously, thereby promoting endothelial cell growth and angiogenesis 

for tumor cells. Finally, research has also associated COX-2 with a promotion of colorectal cancer by inducing 

angiogenesis and anti-apoptotic effects.12 Interest in targeting different domains of COX-2 may lead to potential 

cancer treatments. Unfortunately, the hemiketals are limited in their availability by enzymatic synthesis which 

typically only produce microgram amounts.109 As such, a reproducible and robust total synthesis is needed to 

produce a substantial amount of material and further elucidate the biological roles of these hemiketals.  

 

 

 

 

 

 

 

 

 

 

 

                                    
 

Figure 1.8. Early Studies Demonstrating the Biological Roles of the Hemiketals. Left: Treatment of endothelial cells with 

hemiketal compounds increase of tubulogenesis and ring size formation. Reprinted with permission from Griesser, M.; Suzuki, T.; 

Tejera, N.; Mont, S.; Boeglin, W. E.; Pozzi, A.; Schneider, C. PNAS. USA. 2011, 108, 6945–6950. Right: synthesized HKE2 (A) 

revealed inhibition of platelet aggregation just like HKE2 produced from in vitro enzymatic synthesis. Reprinted with permission 

from Boer, R.; Gimenez-Bastida, J. A.; Boutaud, O.; Jana, S.; Schneider, C.; Sulikowski, G. A. Org. Lett. 2018, 20, 4020–4022. 

Copyright 2020 American Chemical Society. 
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Statement of Dissertation 

 

Since the discovery that nonsteroidal anti-inflammatory drugs (NSAIDs) prevent pain, swelling, and 

inflammation by inhibiting the enzymes cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2), there has 

been interest in anti-inflammatory drugs and their mechanisms. Arachidonic acid metabolites play an important 

role in many inflammatory diseases such as cancer, diabetes, asthma, and multiple sclerosis. Enzymatic metabolic 

pathways, like the transformation of arachidonic acid to prostaglandins or leukotrienes that utilize the enzymes 

COX-2 and 5-lipooxygenase (5-LOX) are physiologically relevant. Nonenzymatic pathways also exist, which 

involve reactive oxygen species (ROS) and ultimately lead to isoprostanes and isofurans. Unfortunately, 

arachidonic acid metabolites are not readily available. Specifically, newly discovered arachidonic acid 

metabolites, hemiketals D2 (HKD2, 1.138) and E2 (HKE2, 1.106) are only available in microgram quantities. Thus, 

in order to further elucidate the biological roles of HKD2 and HKE2 in the inflammatory response, a total synthesis 

is necessary. Understanding their roles could ultimately lead to the improvement of human health in preventing 

or treating various inflammatory diseases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 

 

References 

 

(1) Lin, Y. Approaching Traditional Chinese Medicine: Inheritance and Exploration. In Drug Discovery and 

Traditional Chinese Medicine: Science, Regulation, and Globalization; Springer Science + Business 

Media, LLC: New York, 2001; p 4. 

(2) Mahdi, J. Medicinal Potential of Willow: A Chemical Perspective of Aspirin Discovery. J. Saudi Chem. 

Soc. 2010, 14, 317–322. 

(3) Stone, E. XXXII. An Account of the Success of the Bark of the Willow in the Cure of Agues. In a Letter 

to the Right Honourable George Earl of Macclesfield, President of R. S. from the Rev. Mr. Edward 

Stone, of Chipping-Norton in Oxfordshire. Philos. Trans. R. Soc. 1763, 53, 195–200. 

(4) Desborough, M.; Keeling, D. The Aspirin Story – from Willow to Wonder Drug. Br. J. Haematol. 2017, 

177, 674–683. 

(5) Vane, J. Inhibition of Prostaglandin Synthesis as a Mechanism of Action for Aspirin-like Drugs. Nat New 

Biol 1971, 231, 232–235. 

(6) Schneider, C.; Pozzi, A. Cyclooxygenases and Lipoxygenases in Cancer. Cancer Metathesis Rev. 2011, 

30, 277–294. 

(7) Chandrasekharan, N.; Simmons, D. The Cyclooxygenases. Genome Biol 2004, 5, 241. 

(8) Tanabe, T.; Tohnai, N. Cyclooxygenase Isozymes and Their Gene Structures and Expression. 

Prostaglandins Other Lipid Mediat 2002, 68–69, 95–114. 

(9) Rouzer, C.; Marnett, L. Cyclooxygenases: Structural and Functional Insights. J. Lipid Res. 2009, 50, 

S29–S34. 

(10) Spencer, A.; Woods, J.; Arakawa, T.; Singer, I.; Smith, W. Subcellular Localization of Prostaglandin 

Endoperoxide H-1 and -2 by Immunoelectron Microscopy. J. Biol. Chem. 1998, 273, 9886–9893. 

(11) Meek, I.; van der Laar, M.; Vonkeman, H. Non-Steroidal Anti-Inflammatory Drugs: An Overview of 

Cardiovascular Risks. Pharmaceuticals (Basel) 2010, 3, 2146–2162. 

(12) Blobaum, A.; Marnett, L. Structural and Functional Basis of Cyclooxygenase Inhibition. J. Med. Chem. 

2007, 50, 1425–1441. 

(13) Picot, D.; Loll, P.; Garavito, R. The X-Ray Crystal Structure of the Membrane Protein Prostaglandin H2 

Synthase-1. Nature 1994, 367, 243–249. 

(14) Asting, A.; Farivar, A.; Iresjö, B.; Svensson, H.; Gustavsson, B.; Lundholm, K. EGF Receptor and COX-

1/COX-2 Enzyme Proteins as Related to Corresponding MRNAs in Human per-Operative Biopsies of 

Colorectal Cancer. BMC Cancer 2013, 13, 511. 

(15) Kim, Y.; Park, S.; Pyo, H. Cyclooxygenase-2 (COX-2) Negatively Regulates Expression of Epidermal 

Growth Factor Receptor and Causes Resistance to Gefitinib in COX-2–Overexpressing Cancer Cells. 

Mol. Cancer Res. 2009, 7, 1367–1377. 



28 

 

(16) Hsu, J.; Chang, K.; Chen, S.; Lee, C.; Chang, S.; Cheng, H.; Chang, W.; Chen, B. Epidermal Growth 

Factor-Induced Cyclooxygenase-2 Enhances Head and Neck Squamous Cell Carcinoma Metastasis 

through Fibronectin up-Regulation. Oncotarget 2015, 6, 1723–1739. 

(17) Spencer, A.; Thuresson, E.; Otto, J.; Song, I.; Smith, T.; DeWitt, D.; Garavito, R.; Smith, W. The 

Membrane Binding Domains of Prostaglandin Endoperoxide H Synthases 1 and 2 MAPPING AND 

MUTATIONAL ANALYSIS. J. Biol. Chem. 1999, 274, 32936–32942. 

(18) Otto, J.; DeWitt, D.; Smith, W. N-Glycosylation of Prostaglandin Endoperoxide Synthases-1 and -2 and 

Their Orientations in the Endoplasmic Reticulum. J. Biol. Chem. 1993, 268, 18234–18242. 

(19) Mutsaers, J.; Van Halbeek, H.; Kamerling, J.; Vliegenthart, J. Determination of the Structure of the 

Carbohydrate Chains of Prostaglandin Endoperoxide Synthase from Sheep. Eur. J. Biochem. 1985, 147, 

569–574. 

(20) Rouzer, C.; Marnett, L. Mechanism of Free Radical Oxygenation of Polyunsaturated Fatty Acids by 

Cyclooxygenases. Chem. Rev. 2003, 103, 2239–2304. 

(21) Smith, W.; DeWitt, D.; Garavito, R. Cyclooxygenases: Structural, Cellular, and Molecular Biology. 

Annu. Rev. Biochem. 2000, 69, 145–182. 

(22) Dietz, R.; Nastainczyk, W.; Ruf, H. Higher Oxidation States of Prostaglandin H Synthase. Eur. J. 

Biochem. 1988, 171, 321–328. 

(23) Thuresson, E.; Lakkides, K.; Rieke, C.; Sun, Y.; Wingerd, B.; Micielli, R.; Mulichak, A.; Malkowski, 

M.; Garavito, R.; Smith, W. Prostaglandin Endoperoxide H Synthase-1 THE FUNCTIONS OF 

CYCLOOXYGENASE ACTIVE SITE RESIDUES IN THE BINDING, POSITIONING, AND 

OXYGENATION OF ARACHIDONIC ACID. J. Biol. Chem. 2001, 276, 10347–10359. 

(24) Holtzman, M.; Turk, J.; Shornick, L. Identification of a Pharmacologically Distinct Prostaglandin H 

Synthase in Cultured Epithelial Cells. J. Biol. Chem. 1992, 267, 21438–21445. 

(25) Lecomte, M.; Laneuville, O.; Ji, C.; DeWitt, D.; Smith, W. Acetylation of Human Prostaglandin 

Endoperoxide Synthase-2 (Cyclooxygenase-2) by Aspirin. J. Biol. Chem. 1994, 269, 13207–13215. 

(26) Meade, E.; Smith, W.; DeWitt, D. Differential Inhibition of Prostaglandin Endoperoxide Synthase 

(Cyclooxygenase) Isozymes by Aspirin and Other Non-Steroidal Anti-Inflammatory Drugs. J. Biol. 

Chem. 1993, 268, 6610–6614. 

(27) Giménez-Bastida, J.; Boeglin, W.; Boutaud, O.; Malkowski, M.; Schneider, C. Residual Cyclooxygenase 

Activity of Aspirin-Acetylated COX-2 Forms 15R-Prostaglandins That Inhibit Platelet Aggregation. 

FASEB J. 2019, 33, 1033–1041. 

(28) Wennogle, L.; Liang, H.; Quintavalla, J.; Bowen, B.; Wasvary, J.; Miller, D.; Allentoff, A.; Boyer, W.; 

Kelly, M.; Marshall, P. Comparison of Recombinant Cyclooxygenase-2 to Native Isoforms: Aspirin 

Labeling of the Active Site. FEBS Lett. 1995, 371, 315–320. 

(29) Rowlinson, S.; Crews, B.; Goodwin, D.; Schneider, C.; Gierse, J.; Marnett, L. Spatial Requirements for 

15-(R)-Hydroxy-5Z,8Z,11Z,13E-Eicosatetraenoic Acid Synthesis within the Cyclooxygenase Active Site 

of Murine COX-2. J. Biol. Chem. 2000, 275, 6586–6591. 



29 

 

(30) Xiao, G.; Tsai, A.; Palmer, G.; Boyar, W.; Marshall, P.; Kulmacz, R. Analysis of Hydroperoxide-Induced 

Tyrosyl Radicals and Lipoxygenase Activity in Aspirin-Treated Human Prostaglandin H Synthase-2. 

Biochemistry 1997, 36, 1836–1845. 

(31) Schneider, C.; Brash, A. Stereospecificity of Hydrogen Abstraction in the Conversion of Arachidonic 

Acid to 15R-HETE by Aspirin-Treated Cyclooxygenase-2. J. Biol. Chem. 2000, 275, 4743–4746. 

(32) Kennedy, T.; Smith, C.; Marnett, L. Investigation of the Role of Cysteines in Catalysis by Prostaglandin 

Endoperoxide Synthase. J. Biol. Chem. 1994, 269, 27357–27364. 

(33) Gierse, J.; McDonald, J.; Hauser, S.; Rangwala, S.; Koboldt, C.; Seibert, K. A Single Amino Acid 

Difference between Cyclooxygenase-1 (COX-1) and −2 (COX-2) Reverses the Selectivity of COX-2 

Specific Inhibitors. J. Biol. Chem. 1996, 271, 15810–15814. 

(34) Ong, C.; Lirk, P.; Tan, C.; Seymour, R. An Evidence-Based Update on Nonsteroidal Anti-Inflammatory 

Drugs. Clin. Med. Res. 2007, 5, 19–34. 

(35) Díaz-González, F.; Sánchez-Madrid, F. NSAIDs: Learning New Tricks from Old Drugs. Eur. J. 

Immunol. 2015, 45, 679–686. 

(36) Perrone, M.; Scilimati, A.; Simone, L.; Vitale, P. Selective COX-1 Inhibition: A Therapeutic Target to 

Be Reconsidered. Curr. Med. Chem. 2010, 17, 3769–3805. 

(37) Luong, C.; Miller, A.; Barnett, J.; Chow, J.; Ramesha, C.; Browner, M. Flexibility of the NSAID Binding 

Site in the Structure of Human Cyclooxygenase-2. Nature 1996, 3, 927–933. 

(38) Rimon, G.; Sidhu, R.; Lauver, A.; Lee, J.; Sharma, N.; Yuan, C.; Frieler, R.; Trievel, R.; Lucchesi, B.; 

Smith, W. Coxibs Interfere with the Action of Aspirin by Binding to One Monomer of Cyclooxygenase-

1. PNAS 2010, 107, 28–33. 

(39) Wongrakpanich, S.; Wongrakpanich, A.; Melhado, K.; Rangaswami, J. A Comprehensive Review of 

Non-Steroidal Anti-Inflammatory Drug Use in The Elderly. Aging Dis. 2018, 9, 143–150. 

(40) Davis, A.; Robson, J. The Dangers of NSAIDs: Look Both Ways. Br. J. Gen. Pract. 2016, 66, 172–173. 

(41) Matsui, H.; Shimokawa, O.; Kaneko, T.; Nagano, Y.; Rai, K.; Hyodo, I. The Pathophysiology of Non-

Steroidal Anti-Inflammatory Drug (NSAID)-Induced Mucosal Injuries in Stomach and Small Intestine. J. 

Clin. Biochem. Nutr. 2011, 48, 107–111. 

(42) Day, R.; Graham, G. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs). BMJ 2013, 346, 3195. 

(43) Varga, Z.; Sabzwari, S.; Vargova, V. Cardiovascular Risk of Nonsteroidal Anti-Inflammatory Drugs: An 

Under-Recognized Public Health Issue. Cureus 2017, 9, 1144. 

(44) Zarghi, A.; Arfaei, S. Selective COX-2 Inhibitors: A Review of Their Structure-Activity Relationships. 

Iran J. Pharm. Res. 2011, 10, 655–683. 

(45) Murphy, K.; Weaver, C. Principles of Innate Immunity. In Janeway’s Immunobiology; Garland Science, 

Taylor & Francis Group, LLC: New York, 2017; p 5. 

(46) Michiels, C. Endothelial Cell Functions. J. Cell. Physiol. 2003, 196, 430–443. 

(47) Murphy, K.; Weaver, C. Appendices III - IV. Cytokines, Chemokines and Their Receptors. In Janeway’s 

Immunobiology; Garland Science, Taylor & Francis Group, LLC: New York, 2017; pp 811–815. 



30 

 

(48) Murphy, K.; Weaver, C. Pattern Recognition by Cells of the Innate Immune System. In Janeway’s 

Immunobiology; Garland Science, Taylor & Francis Group, LLC: New York, 2017; pp 85–86. 

(49) Funk, C. D. Prostaglandins and Leukotrienes: Advances in Eicosanoid Biology. Science (1979) 2001, 

294, 1871–1875. 

(50) Sun, G.; Chuang, D.; Zong, Y.; Jiang, J.; Lee, J.; Gu, Z.; Simonyi, A. Role of Cytosolic Phospholipase 

A2 in Oxidative and Inflammatory Signaling Pathways in Different Cell Types in the Central Nervous 

System. Mol. Neurobiol. 2014, 50, 6–14. 

(51) Bittova, L.; Sumandea, M.; Cho, W. A Structure-Function Study of the C2 Domain of Cytosolic 

Phospholipase A2. Identification of Essential Calcium Ligands and Hydrophobic Membrane Binding 

Residues. J. Biol. Chem. 1999, 274, 9665–9672. 

(52) Schievella, A.; Regier, M.; Smith, W.; Lin, L. Calcium-Mediated Translocation of Cytosolic 

Phospholipase A2 to the Nuclear Envelope and Endoplasmic Reticulum. J. Biol. Chem. 1995, 270, 

30749–30754. 

(53) Wang, D.; Wang, H.; Shi, Q.; Katkuri, S.; Walhi, W.; Desvergne, B.; Das, S. Dey, S.; DuBois, R. 

Prostaglandin E2 Promotes Colorectal Adenoma Growth via Transactivation of the Nuclear Peroxisome 

Proliferator-Activated Receptor δ. Cancer Cell 2004, 6, 285–295. 

(54) Ricciotti, E.; FitzGerald, G. Prostaglandins and Inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 

31, 986–1000. 

(55) Dennis, E. A; Norris, P. C. Eicosanoid Storm in Infection and Inflammation. Nat Rev Immunol 2015, 15, 

511–523. 

(56) Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428–435. 

(57) Harizi, H.; Corcuff, J. B.; Gualde, N. Arachidonic-Acid-Derived Eicosanoids: Roles in Biology and 

Immunopathology. Trends Mol Med 2008, 14, 461–469. 

(58) Robinson, P. Enzymes: Principles and Biotechnological Applications. Essays Biochem. 2015, 59, 1–41. 

(59) Corey, E.; Weinshenker, N.; Schaaf, T.; Huber, W. Stereo-Controlled Synthesis of Dl-Prostaglandins 

F2.Alpha. and E2. J. Am. Chem. Soc. 1969, 91, 5675–5677. 

(60) Collins, J.; Hess, W.; Frank, F. Dipyridine-Chromium(VI) Oxide Oxidation of Alcohols in 

Dichloromethane. Tetrahedron Lett. 1968, 9, 3363–3366. 

(61) Murray, C.; Yang, D.; Wulff, W. Cyclopropanation with Acyloxy Chromium Carbene Complexes. A 

Synthesis of (.+-.)-Prostaglandin E2 Methyl Ester. J. Am. Chem. Soc. 1990, 112, 5660–5662. 

(62) Casey, C.; Brunsvold, W. Reaction of Metal-Carbene Complexes with Vinyllithium Reagents. J. 

Organomet. Chem. 1974, 77, 345–352. 

(63) Salaün, J.; Barnier, J. Spirovetivanes from Silylated 1-Hydroxycyclopropanecarboxaldehyde. 

Tetrahedron Lett. 1984, 25, 1273–1276. 

(64) Suzuki, M.; Yanagiasawa, A.; Noyori, R. Prostaglandin Synthesis. 16. The Three-Component Coupling 

Synthesis of Prostaglandins. J. Am. Chem. Soc. 1988, 110, 4718–4726. 



31 

 

(65) Ono, N.; Kawanaka, Y.; Yoshida, Y.; Sato, F. Synthesis of a Key Intermediate for Preparation of 4,5-

Didehydro Prostaglandins Containing an Allenyl Side-Chain Group via Two-Component Coupling 

Process. Synthesis of Enprostil. J. Chem. Soc., Chem. Commun. 1994, 1251–1252. 

(66) Okamoto, S.; Kobayashi, Y.; Kato, H.; Hori, K.; Yakahashi, T.; Tsuji, J.; Sato, F. Prostaglandin 

Synthesis via Two-Component Coupling. Highly Efficient Synthesis of Chiral Prostaglandin 

Intermediates 4-Alkoxy-2-Alkyl-2-Cyclopenten-1-One and 4-Alkoxy-3-Alkenyl-2-

Methylenecyclopentan-1-One. J. Org. Chem. 1988, 53, 5590–5592. 

(67) Michelot, D.; Linstrumelle, G. Cuprates Alleniques I : Preparations et Reactions. Synthese 

Stereoselective de La Pheromone de La Bruche Parasite Du Haricot. Tetrahedron Lett. 1976, 17, 275–

276. 

(68) Fürstner, A.; Davies, P. Alkyne Metathesis. Chem. Commun. 2005, 2307–2320. 

(69) Fürstner, A.; Mathes, C.; Lehmann, C. Mo[N(t-Bu)(Ar)]3 Complexes As Catalyst Precursors:  In Situ 

Activation and Application to Metathesis Reactions of Alkynes and Diynes. J. Am. Chem. Soc. 1999, 

121, 9453–9454. 

(70) Fürstner, A.; Grela, K.; Mathes, C.; Lehmann, C. Novel and Flexible Entries into Prostaglandins and 

Analogues Based on Ring Closing Alkyne Metathesis or Alkyne Cross Metathesis. J. Am. Chem. Soc. 

2000, 122, 11799–11805. 

(71) Cimino, G.; Crispino, A.; Marzo, D.; Sodano, G.; Spinella, A.; Villani, G. A Marine Mollusc Provides 

the First Example of in Vivo Storage of Prostaglandins: Prostaglandin-1,15-Lactones. Experientia 1991, 

47, 56–60. 

(72) Zanoni, G.; Porta, A.; Toma, Q.; Castronovo, F.; Vidari, G. First Enantioselective Total Synthesis of 

(8S,12R,15S)-Prostaglandin J2. J. Org. Chem. 2003, 68, 6437–6439. 

(73) Yankee, E.; Axen, U.; Bundy, G. Total Synthesis of 15-Methylprostaglandins. J. Am. Chem. Soc. 1974, 

96, 5865–5876. 

(74) Noyori, R.; Tomino, I.; Tanimoto, Y.; Nishizawa, M. Asymmetric Synthesis via Axially Dissymmetric 

Molecules. 6. Rational Designing of Efficient Chiral Reducing Agents. Highly Enantioselective 

Reduction of Aromatic Ketones by Binaphthol-Modified Lithium Aluminum Hydride Reagents. J. Am. 

Chem. Soc. 1984, 106, 6709–6716. 

(75) Dow, R.; Kelly, R.; Schletter, I.; Wierenga, W. A Direct Alcohol for Hydrazine Interchange: Scope and 

Stereochemistry. Synth. Commun. 1981, 11, 43–53. 

(76) Dess, D.; Martin, J. A Useful 12-I-5 Triacetoxyperiodinane (the Dess-Martin Periodinane) for the 

Selective Oxidation of Primary or Secondary Alcohols and a Variety of Related 12-I-5 Species. J. Am. 

Chem. Soc. 1991, 113, 7277–7287. 

(77) VanderRoest, J.; Grieco, P. Studies Relating to the Structure of Bruceoside C:  Total Synthesis of the 

Alleged Aglycon of Bruceoside C. J. Org. Chem. 1996, 61, 5316–5325. 

(78) Brummond, K.; Sill, P.; Chen, H. The First Total Synthesis of 15-Deoxy-Δ12,14-Prostaglandin J2 and 

the Unambiguous Assignment of the C14 Stereochemistry. Org. Lett. 2004, 6, 149–152. 

(79) Enomoto, M.; Katsuki, T.; Yamaguchi, M. Highly Regioselective Isomerization of Acetylenes to 

Allenes. Tetrahedron Lett. 1986, 27, 4599–4600. 



32 

 

(80) Kent, J.; Wan, H.; Brummond, K. A New Allenic Pauson-Khand Cycloaddition for the Preparation of α-

Methylene Cyclopentenones. Tetrahedron Lett. 1995, 36, 2407–2410. 

(81) Jones, G.; Landais, Y. The Oxidation of the Carbon-Silicon Bond. Tetrahedron 1996, 52, 7599–7662. 

(82) Touré, B.; Hall, D. Natural Product Synthesis Using Multicomponent Reaction Strategies. Chem. Rev. 

2009, 109, 4439–4486. 

(83) Boer, R.; Gimenez-Bastida, J. A.; Boutaud, O.; Jana, S.; Schneider, C.; Sulikowski, G. A. Total Synthesis 

and Biological Activity of the Arachidonic Acid Metabolite Hemiketal E2. Org. Lett. 2018, 20, 4020–

4022. 

(84) Furrow, M.; Schaus, S.; Jacobsen, E. Practical Access to Highly Enantioenriched C-3 Building Blocks 

via Hydrolytic Kinetic Resolution. J. Org. Chem. 1998, 63, 6776–6777. 

(85) Trygstad, T.; Pang, Y.; Forsyth, C. Versatile Synthesis of the C3−C14 Domain of 7-Deoxyokadaic Acid. 

J. Org. Chem. 2009, 74, 910–913. 

(86) Alcaide, B.; Almendros, P.; Alonso, J. Gold Catalyzed Oxycyclizations of Alkynols and Alkyndiols. 

Org. Biomol. Chem. 2011, 9, 4405–4416. 

(87) Harkat, H.; Weibel, J.; Pale, P. Synthesis of Functionalized THF and THP through Au-Catalyzed 

Cyclization of Acetylenic Alcohols. Tetrahedron Lett. 2007, 48, 1439–1442. 

(88) Li, J.; Stoltz, B.; Grubbs, R. Enantioselective Synthesis of 15-Deoxy-Δ12,14-Prostaglandin J2. Org. Lett. 

2019, 21, 10139–10142. 

(89) Grieco, P.; Abood, N. Cycloalkenone Synthesis via Lewis Acid-Catalyzed Retro Diels-Alder Reactions 

of Norbornene Derivatives: Synthesis of 12-Oxophytodienoic Acid (12-OxoPDA). J. Org. Chem. 1989, 

54, 6008–6010. 

(90) Li, J.; Ahmed, T.; Xu, C.; Stoltz, B.; Grubbs, R. Concise Syntheses of Δ12-Prostaglandin J Natural 

Products via Stereoretentive Metathesis. J. Am. Chem. Soc. 2019, 141, 154–158. 

(91) Pale, P.; Chuche, J. Silver Assisted Heterocyclization of Acetylenic Compounds. Tetrahedron Lett. 1987, 

28, 6447–6448. 

(92) Kimbrough, J.; Austin, Z.; Milne, G.; Sulikowski, G. Synthesis of a Human Urinary Metabolite of 

Prostaglandin D2. Org. Lett. 2019, 21, 10048–10051. 

(93) Trost, B.; VanVranken, D. Asymmetric Transition Metal-Catalyzed Allylic Alkylations. Chem. Rev. 

1996, 96, 395–422. 

(94) Danheiser, R.; Dixon, B.; Gleason, R. Five-Membered Ring Annulation via Propargyl- and Allylsilanes. 

J. Org. Chem. 1992, 57, 6094–6097. 

(95) Suárez, A.; Fu, G. A Straightforward and Mild Synthesis of Functionalized 3-Alkynoates. Angew. Chem. 

Int. Ed. 2004, 43, 3580–3582. 

(96) Jahn, U.; Galano, J; Durand, T. Beyond Prostaglandins—Chemistry and Biology of Cyclic Oxygenated 

Metabolites Formed by Free-Radical Pathways from Polyunsaturated Fatty Acids. Angew. Chem. Int. Ed. 

2008, 47, 5894–5955. 



33 

 

(97) Montuschi, P.; Corradi, M.; Ciabattoni, G.; Nightingale, J.; Kharitonov, S. A.; Barnes, P. Increased 8-

Isoprostane, a Marker of Oxidative Stress, in Exhaled Condensate of Asthma Patients. J. Am. J. Respir. 

Crit. Care Med 1999, 160, 216–220. 

(98) Oger, C.; Cuyamendous, C.; de la Torre, A.; Candy, M.; Guy, A.; Bultel-Poncé, V.; Durand, T.; Galano, 

J. History of Chemical Routes towards Cyclic Non-Enzymatic Oxygenated Metabolites of 

Polyunsaturated Fatty Acids. Synthesis (Stuttg) 2018, 50, 3257–3280. 

(99) Newcomer, M.; Brash, A. The Structural Basis for Specificity in Lipoxygenase Catalysis. Protein 

Science 2015, 24, 298–309. 

(100) Rådmark, O.; Werz, O.; Steinhilber, D.; Samuelsson, B. 5-Lipoxygenase, a Key Enzyme for Leukotriene 

Biosynthesis in Health and Disease. Biochim Biophys Acta 2015, 1851, 331–339. 

(101) Gaffney, B. EPR Spectroscopic Studies of Lipoxygenases. Chem. Asian J. 2020, 15, 42–50. 

(102) Rådmark, O. Arachidonate 5-Lipoxygenase. Prostaglandins Other Lipid Mediat 2002, 68–69, 211–234. 

(103) Crooks, S.; Stockley, R. Leukotriene B4. Int. J. Biochem. Cell Biol. 1998, 30, 173–178. 

(104) Nicolaou, K.; Ramphal, J.; Petasis, N.; Serhan, C. Lipoxins and Related Eicosanoids: Biosynthesis, 

Biological Properties, and Chemical Synthesis. Angew. Chem. Int. Ed. Engl. 1991, 30, 1100–1116. 

(105) Schneider, C.; Boeglin, W.; Yin, H.; Stec, D.; Voehler, M. Convergent Oxygenation of Arachidonic Acid 

by 5-Lipoxygenase and Cyclooxygenase-2. J. Am. Chem. Soc. 2006, 128, 720–721. 

(106) Nakashima, F.; Suzuki, T.; Gordon, O.; Golding, D.; Okuno, T.; Giménez-Bastida, J.; Yokomizo, T.; 

Schneider, C. Biosynthetic Crossover of 5-Lipoxygenase and Cyclooxygenase-2 Yields 5-Hydroxy-

PGE2 and 5-Hydroxy-PGD2. J. Am. Chem. Soc. Au 2021, 1, 1380–1388. 

(107) Griesser, M.; Suzuki, T.; Hernandez, N.; Mont, S.; Boeglin, W. E.; Pozzi, A.; Schneider, C. Biosynthesis 

of Hemiketal Eicosanoids by Cross-over of the 5-Lipoxygenase and Cyclooxygenase-2 Pathways. PNAS. 

USA. 2011, 108, 6945–6950. 

(108) Giménez-Bastida, J. A.; Shibata, T.; Uchida, K.; Schneider, C. Roles of 5-Lipoxygenase and 

Cyclooxygenase-2 in the Biosynthesis of Hemiketals E2 and D2 by Activated Human Leukocytes. 

FASEB J. 2017, 31, 1867–1878. 

(109) Giménez-Bastida, J.; Suzuki, T.; Sprinkel, K.; Boeglin, W. Biomimetic Synthesis of Hemiketal 

Eicosanoids for Biological Testing. Prostaglandins Other Lipid Mediat 2017, 132, 41–46. 

  

 

 

 

 

 

 



34 

 

CHAPTER 2 

 

PROGRESS TOWARDS A SECOND-GENERATION SYNTHESIS OF HEMIKETAL E2 

 

Structural Features of HKD2 and HKE2 

 

A highly convergent and flexible synthetic 

route is desirable to access hemiketals D2 and E2 for 

biological study. HKD2 and HKE2 have four subtle 

structural differences. The first distinction to note is 

the relative stereochemistry of the vicinal 

stereocenters. In HKD2, the relative stereochemistry 

has a cis relationship along the C8˗C9 bond; 

whereas, in HKE2, the vicinal stereocenters at 

C11˗C12 are trans. (Scheme 2.1).  

Second, the relative orientation of each side 

chain differs. Notice that in HKD2, the carboxylate 

chain and the enone are on opposite sides (key 

functional groups highlighted in blue); whereas, in 

HKE2 the carboxylate chain and enone are adjacent 

(key functional groups highlighted in red). It should 

be noted that the carboxylate chain is designated as 

the alpha side chain in the literature, and the hydrocarbon chain is referred to as the omega side chain. Work 

regarding the syntheses of these side chains can be found in both Dr. Robert Boer and Dr. Alex Allweil’s theses.1,2 

Thirdly, both HKD2 and HKE2 are in tautomeric equilibrium. Unpublished results by Schneider demonstrated the 

isomeric ratios are dependent on different NMR solvents. Because of this phenomenon, for simplicity, no 

stereocenters will be indicated at C11 in HKD2 or C9 for HKE2 for the remainder of the discussion.  

Lastly, probably the most striking feature of these compounds is the keto-hemiketal moiety. For the reader 

to truly appreciate this structural arrangement of atoms, one must realize the rarity of these functional groups in 

nature. Antascomicin B (2.3),3 FK-506 (2.4),4 Meridamycin (2.5),5 Polycavernoside A (2.6), Polycavernoside B 

(2.7),6,7,8 and Rapamycin (2.8)9 are the only known natural products to contain keto-hemiketal moieties that are 

reported in the literature (Figure 2.1). Due to the scarcity of these compounds, the Sulikowski laboratory found 

these hemiketals to be intriguing targets to synthesize.  

 
Scheme 2.1. Structural Characteristics of HKD2 and HKE2. 



35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1. Natural Products Containing Keto-hemiketal Groups. 
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First Generation Synthesis of HKE2 

 

Sulikowski and coworkers successfully synthesized HKE2 in 2018, as highlighted in Chapter 1.10 As with 

any synthesis, however, there were places to improve the synthetic route. First and foremost, the key gold-

mediated cyclization to establish the hemiketal framework was not consistently reproducible and could not be 

scaled above 50 mg. Secondly, the furan intermediate 1.104 (Scheme 1.9) proved unstable with a half-life of only 

12 h. Finally, the route proved to be unamenable to HKD2. Further details regarding why HKD2 was unsuccessful 

with this route can be found in Dr. Robert Boer’s thesis.1  

With this unfortunate realization that this method could not be extended to the other hemiketal, a new 

synthetic route was required to access both hemiketals. Stemming from the need to develop syntheses from 

common building blocks, the Sulikowski lab actively seeks to use a divergent method to create the hemiketals, 

isofurans, and linoleic triols all from tartaric acid or ribose sugars (Scheme 2.2). For further details regarding the 

syntheses of hemiketals, the reader should seek Dr. Alex Allweil’s thesis dissertation.2 Other work relating to 

isofurans can be found in the thesis dissertations of Dr. Zachary Austin11 and Dr. Calvin Larson.12 And finally, 

research highlighting the linoleic triols can be found in Dr. Robert Davis’ thesis.13 The next sections will relay 

subsequent, modified routes towards HKD2 and HKE2.  

 

 

 

 

 

 

 

 
Scheme 2.2. The Sulikowski Lab’s Divergent Synthetic Strategy. 



37 

 

Initial Efforts 

 

The first, modified route towards HKD2 and HKE2 

employed an epimerization strategy. As shown from Scheme 

2.3, the vision of this strategy ultimately involved 

transforming alkynol 2.16 to 2.11 via an epimerization. If 

successful, this divergent method would allow access to both 

hemiketals. The details to synthesize intermediates 2.16 and 

2.11 are in Scheme 2.4. It begins with an acetonide protection 

of 2-Deoxy-D-ribose, followed by a Colvin rearrangement to 

obtain alkynol 2.16. Hereafter, oxidation-epimerization (2 

step) or oxidation-epimerization-reduction (3 step) sequences 

were attempted. Unfortunately, this route’s oxidation and epimerization steps required significant optimization 

efforts.  

The first difficulty met was the oxidation to the aldehyde, so a screen of oxidants was conducted to achieve 

the desired aldehyde in the highest, obtainable yield (Table 2.1). Among the oxidation procedures attempted were 

the classic Swern oxidation (Entry 1),14,15,16 Parikh von Doering (Entries 2 – 6),17 IBX (Entry 7),18 PCC (Entry 

8),19 DMP (Entry 9),20 and TEMPO (Entries 10 – 11).21 This screen revealed that IBX produced the highest yield 

of aldehyde 2.19. The second challenge, as illustrated by Table 2.1, was that many attempts simply lead to 

decomposition. Storage of aldehyde 2.19 in benzene at -20 °C was required; otherwise, it would decompose 

overnight. Because of the propensity of the aldehyde to decompose, once the IBX oxidation was established, 

aldehyde 2.19 was immediately subjected to epimerization conditions. For this reason, yields in Table 2.2 are 

reported either over two or three steps depending on if there was an additional reduction step. After investigating 

a variety of epimerization procedures,22,23  treatment with K2CO3 in MeOH provided the most promising results 

in accordance with the literature.24,25  

 
Scheme 2.4. First Route towards HKD2 and HKE2. 

 
Scheme 2.3. Epimerization Strategy. 
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Initially, the mixtures of the trans and cis aldehydes (2.19 and 2.20) were separated and purified on NEt3-

buffered silica. However, decomposition was still an issue. To obtain more accurate yields without the threat of 

decomposition, the aldehydes were reduced with NaBH4 to the more stable primary alcohols. At first glance, the 

results of Table 2.2 appear quite baffling as (Entries 1-3) reveal a preference for the cis aldehyde starting material; 

(Entry 4) shows evidence for the preference of the trans aldehyde, while (Entry 5) demonstrates a 1:1 trans:cis 

ratio of alcohols. The best postulated hypothesis to explain these results in Table 2.2 is that the obtained ratios of 

Table 2.1. Optimization of Oxidation Conditions. 
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trans to cis aldehydes or alcohols depends on the state of where the equilibrium lies when the reaction is quenched. 

Surprisingly, the cis aldehyde never fully converts to the trans aldehyde. An equilibrium of the diastereomeric 

aldehydes is obtained, but only during the time the aldehydes remained stable. Unfortunately, there is a time limit. 

Within two to four hours of the epimerization, the aldehydes begin decomposing depending on the reaction 

conditions. Longer reaction times did not increase conversion and cooler temperatures would slow the rate of 

epimerization. We eventually abandoned this route for another as these results were quite bleak, because without 

full epimerization to the trans aldehyde, HKD2 could never come within our grasp.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2. Epimerization Conditions.
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Why β-Elimination is not Observed in the Epimerizations 

 

While these epimerizations were not successful, mechanistic understanding of why certain products were 

not observed is important and interesting to consider (Scheme 2.5). In 1990, Masamune and Sharpless published 

a manuscript on the total synthesis of L-hexoses, explaining why β-elimination products are not observed in a 

substrate similar to alkynal 2.19.26,27 Analogously, Scheme 2.5 explains why β-elimination product 2.22 was never 

observed in these studies. One may recall that in order for an elimination to occur, the orbitals must have a syn 

periplanar alignment. Because the acetonide helps maintain orthogonality between the enolate and the β-alkoxy 

substituent, this prevents β-elimination, theoretically allowing the desired epimerization to occur. While the 

epimerization optimizations were explored, conditions to introduce the alpha side chain were being optimized 

concomitantly. It was envisioned that if the aldehyde epimerizations proved successful, the subsequent Horner-

Wadsworth-Emmons reaction with the necessary phosphonate side chain would need to be established. Thus, the 

next section discusses paralleled optimization efforts towards the synthesis of the necessary phosphonate side 

chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.5. Orthogonality prevents β-Elimination. 
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Synthesis of Phosphonate Ester for Horner-Wadsworth-Emmons Reaction 

 

To access a phosphonate for a Horner-Wadsworth-Emmons reaction, traditionally, an ester, dimethyl 

methyl phosphonate (DMMP), and nBuLi are used in THF in a Claisen-like reaction.28 Initially, the conditions to 

access the phosphonate were unsuccessful due to the undesired double-addition products observed (Table 2.3). 

The result of this undesired product is because the desired product is more acidic than the starting material. 

Fortunately, the double addition problem was resolved after optimizing the solvent use, ester preparation, reaction 

temperature, and starting electrophile. The first electrophiles attempted were diester 2.23 and dimethyl glutarate 

2.24. Unfortunately, as can be seen (Entries 1-5), minimal product (2.27, 2.28) and/or the presence of double 

addition side products (2.30, 2.31) were observed. It was found that co-evaporating the dimethyl methyl 

phosphonate with benzene resulted in lower yields (Entries 1-2). Therefore, an alternate purification technique 

was utilized. Freshly distilling dimethyl methyl phosphonate before each use was found to improve the yields, 

albeit the resulting products were still mixtures of the desired and undesired product. Allowing the reaction to 

stay at cooler temperatures longer was also necessary as shown in Entry 6. Slowly allowing the reaction to warm 

to temperature rather than immediately taking the reaction out of the -78 °C bath was paramount. Additionally, 

dilution of the electrophile in THF prevented the undesired double addition product. Most importantly, switching 

the electrophile to glutaric anhydride 2.25 removed the presence of undesired product 2.32 (Entries 7-8).29 The 

benefit of using glutaric anhydride 2.25 over the previous two electrophiles allows for the possibility of late-stage 

esterifications of any variety in case of deprotection problems near the end of the synthesis. Fischer esterification 

of phosphonate 2.29 with TFA in methanol provided a >95% yield. With the phosphonate ester successfully in 

hand, mild, Masamune‒Roush conditions were attempted,30,31 but unfortunately, a complex mixture of products 

was obtained, so the next ambitious approach was sought.  
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Table 2.3. Optimization of Claisen-like Condensation. 
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Carbonylative Cross Couplings 

 

The goal behind the next approach involved a high-risk, high-reward carbonylative cross coupling 

between carbonyl 2.34 and acylzirconocene chloride 2.35 (Scheme 2.6). A carbonylative cross coupling is risky 

because the success depends on overcoming a high energy barrier. It was envisioned that the formation of 

acylzirconocene chloride 2.35 would precede through a hydrozirconation of alkyne 2.37. A facile procedure exists 

to synthesize Schwartz reagent (HZrCp2Cl) in situ with DIBAL-H.32 In the presence of terminal alkynes, Schwartz 

reagent preferentially performs syn-addition, installing the zirconocene substituent to the less hindered position 

of the alkyne. One advantage of using acylzirconocene chloride is its ability to act as an acyl anion equivalent. 

Literature precedence exists for the reaction of acylzirconocene chlorides with α,β-unsaturated ketones,33 organic 

halides,34 and imines35 in the presence of palladium catalysts or Lewis acids. Additionally, a variety of palladium-

mediated carbonylative couplings have been explored.36 In 2016, the Ready group performed a zirconium-

mediated carbonylative cross coupling with aryl Grignard reagents.37 Other groups have also performed 

transmetalations with zirconocene reagents in various total syntheses.38,39,40 Taking advantage of the literature 

precedence for acylzirconocenes and aryl chlorides as potential coupling partners, a model system was developed 

to determine if this route could be viable to access HKD2.  

 

 

 

 

 

 

 

 

 

 

 

In the chosen model system, Schwartz reagent was added across TBDPS-protected hexynol 2.38 (Scheme 

2.7). After the successful hydrozirconation, carbon monoxide was bubbled into the solution. To test if the resulting 

carbonyl was installed, the reaction was quenched with 1M HCl to obtain the corresponding aldehyde 2.39, based 

on precedence from the Ready group.37 While full conversion to aldehyde 2.39 was confirmed by crude NMR 

analysis, this compound was not isolated as the hydroformylation was only a means to determine if the carbonyl 

installation was successful. The installation proved difficult and inconsistent; furthermore, aldehyde 2.39, 

 
Scheme 2.6. Carbonylative Coupling Retrosynthetic Analysis. 



44 

 

unfortunately, would readily decompose within 30 min. Additionally, a control experiment of a cross coupling 

between the resulting acylzirconocene from 2.38 and benzoyl chloride 2.40 failed, and only a complex mixture 

was observed, which illustrates the difficulty of incorporating this carbonyl. Although hydrozirconation, followed 

by addition of carbon monoxide provided access to the first carbonyl, the subsequent coupling with benzoyl 

chloride also failed. Without a sure method to access dicarbonyl 2.33, it was determined that the carbonylative 

cross-coupling to link both carbonyls would be unlikely to be successful in the real system. Because further 

optimization of the model system would provide only diminishing returns, this route was abandoned for the next.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.7. Hydroformylation and Carbonylative Cross Couplings. 
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Third Synthetic Approach 

 

The key intermediate in the newest synthetic approach involves 1,2-dicarbonyl cyclization precursors 

(2.45, 2.46). Not many general methods exist to synthesize the key 1,2-dicarbonyl intermediate in our synthesis. 

There are known methods of coupling acid chlorides to acyltributyltins; however, harsh conditions are required 

and unwanted decarbonylation and butyl transfer side products are observed.41 A palladium-catalyzed coupling 

of acylzirconocene chloride with organic halides exists;34 however, this approach is low yielding and requires the 

use of hazardous carbon monoxide. Still other methods involve oxidizing 1,2-diols to 1,2-dicarbonyls; however, 

these bonds are known to be sensitive to oxidative cleavage.42,43 From a retrosynthetic standpoint, it was imagined 

that the two side chains of both hemiketals could be introduced through selective, late-stage olefin cross 

metatheses, preceded by cyclization. The dicarbonyl-cyclization precursors (2.45, 2.46) could be incorporated 

through an alpha oxidation, and the allyl handle installed with a Grignard, which would be prefaced by a 

nucleophilic addition of lactones (2.49, 2.50). This final 3-step transformation of the lactone from D-

gluconolactone was inspired by work from Fernandes.44 Accessing the relative stereochemistry of both five-

membered lactone cores is established in the literature,44 starting from D-gluconolactone 2.52 to achieve HKE2 

through a Vasella-fragmentation cyclization. HKD2 can be accessed analogously from L-gluconolactone 2.51 

(Scheme 2.8).  

 

 
Scheme 2.8. Retrosynthetic Analysis starting from D or L-gluconolactones. 
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Optimization of Vasella-Fragmentation-Cyclization 

 

The first reaction required towards the synthesis of HKE2 was a Vasella-fragmentation-cyclization. This 

transformation of D-gluconolactone to desired lactone 2.50 has an unfortunate history plagued by inefficiency 

and irreproducibility.45,46 In this two-step reaction, D-gluconolactone is first treated with 33% HBr in AcOH to 

yield dibromosugar 2.53. It then transforms into the five membered lactone after treatment with zinc and 

AcOH/H2O. Unfortunately, numerous attempts to replicate Fernandes’ 45% yield only resulted in a 10% yield. 

Presented in Table 2.4 are the optimization efforts to access the desired five-membered lactone. Activated zinc 

was used in all entries following the purification procedure in the Purification of Laboratory Chemicals.47 In Entry 

1, minimal product 2.54 was observed. It was hypothesized that adding the zinc over multiple portions might 

improve the yield by increasing the surface area of the zinc. Thus from 3 to 6 additions, (Entry 1 vs. Entry 2) an 

improvement from 7% to 37% was observed. Reversing the order of addition (Entry 3) and increasing the 

equivalents of zinc (Entries 4 – 6) have little to no effect on yield. Interestingly, the presence of diastereomer 2.55 

was observed in low yield in certain cases (Entry 3 & 7). Altering the form of zinc to course powder showed an 

improvement to 47% (Entry 9). The last three entries reveal how changing the ratio of acetic acid to water affects 

the yield. Increasing the solvent to 75% aqueous acetic acid increases slightly to 50% (Entry 12). With the 

optimized conditions of the Vasella-fragmentation-cyclization in hand, progress towards the total synthesis of 

HKE2 could begin.  
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Table 2.4. Optimization of Vasella-Fragmentation-Cyclization.  
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Proposed Mechanism of Vasella-Fragmentation-Cyclization 

 

While the success of the optimization of the Vasella-fragmentation-cyclization is to be celebrated, 

arguably more important is mechanistic understanding of this intriguing reaction because at first glance this 

transformation may be difficult to visualize. Mechanistically, it is proposed that this reaction begins with zinc 

insertion into the dibromosugar 2.53, followed by fragmentation facilitated by protonation with the acid. An 

equivalent of zinc bromide, ZnBr‒Ln, is eliminated, where Ln represents a bonded-ligand. Then, the alcohol 

highlighted in red in 2.57, cyclizes onto the activated carbonyl. After deprotonation, alpha-brominated lactone 

2.59 is obtained, followed by another zinc insertion and elimination of zinc bromide. Enol 2.61 then tautomerizes, 

and the final lactone 2.54 is isolated (Scheme 2.9). 

 

 

 

 

 

 

 

 

 

 

The following route was objectively the most successful one thus far, compared to the previous attempts 

mentioned (Scheme 2.10). In the forward direction, treatment of D-gluconolactone with 33% HBr in AcOH yields 

dibromosugar 2.53.48 Next, a zinc-mediated Vasella-fragmentation-cyclization sequence afforded five-membered 

lactone 2.54 in 22-26% yield over two steps.44 TBS protection followed by epimerization with Pd(OAc)2 affords 

lactone 2.62 which establishes the relative stereochemistry required for HKE2.49 It should be noted that this 

epimerization step is not needed to access HKD2 since the stereochemistry is already set. Then, nucleophilic 

addition with the Weinreb salt and Al(CH3)3, followed by a TES protection yielded Weinreb amide 2.64 in 87-

91% yield over two steps (Scheme 2.10). The next section will discuss a variety of attempted nucleophilic 

strategies with Weinreb amide 2.64. 

 

 

 

 
Scheme 2.9. Mechanism of Vasella-Fragmentation-Cyclization. 
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Strategy to Access the 1,2-Dicarbonyl Intermediate 

 

This clever strategy is mindful of the oxidation states of both the attacking nucleophile and the resulting 

product, allowing for the ease of the subsequent oxidation reactions. It was envisioned that dicarbonyl 2.46 could 

be accessed from Weinreb amide 2.64 via either alcohol anion equivalents with one subsequent oxidation or 

allylic anion equivalents with two following oxidations (Scheme 2.11). Routes using alcohol anion equivalents 

like thiol 2.65 and sulfone 2.66 were largely unsuccessful and will not be discussed further (Scheme 2.11.A). 

However, the route with allylic Grignard 2.68 worked quite well, providing ketone 2.69 in a 79% yield (Scheme 

2.11.B). Also, because the crude material of this reaction was very clean, the reaction could be carried forward 

without purification into the next oxidation steps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.11. Nucleophilic Addition Strategy. 

 
Scheme 2.10. Current Route to Weinreb amide 2.64. 
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Davis’ Oxaziridine 

 

The success of the alpha oxidation of ketone 2.69 relies upon the difference in acidities of the two different 

alpha positions. By taking advantage of the more acidic, allylic protons, the regioselective alpha oxidation could 

occur. Unfortunately, first attempts at alpha oxidation with Davis’ oxaziridine50,51,52 only provided minimal 

amounts of desired alpha-hydroxy ketone 2.67 or isomerized enone 2.70 (Table 2.5). Attempts to alter the base, 

equivalents of oxidant, or the order of addition ultimately did not improve the yield for the desired product. 

Decomposition pathways towards volatile products may explain why these reactions were low yielding.  

 

 

 

 

 

 

 

 

Riley Oxidation 

 

Next, the Riley oxidation with allylic oxidant, selenium dioxide, was attempted.53,54,55 Interestingly, upon 

treatment of ketone 2.69 with SeO2, while no desired product was obtained, the formation of furan 2.72, an 

isomerization byproduct, was observed (Table 2.6). Understanding of how this furan formed provided insight on 

how to optimize the route. Scheme 2.12 depicts the proposed mechanism which begins with isomerization of 

ketone 2.69 to the more thermodynamically stable enone 2.70. Selenium dioxide performs an ene reaction, 

followed by a 2,3-sigmatropic rearrangement in an envelope-like transition state to afford allylselenite ester 2.74, 

and then hydrolysis provides (E)-allylic alcohol 2.76; isomerization, and finally aromatization provides furan 

2.72. 

 

 

 

 

 

 

 

Table 2.5. Davis’ Oxaziridine Attempts. 

 

Table 2.6. Initial SeO2 Attempts. 
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 From this result, it was hypothesized that rather than an oxidation followed by cyclization, reversing these 

two reactions would possibly prevent the subsequent isomerization. Henceforth, removal of the TES group with 

PPTS in methanol provided a mixture of ketals 2.80 in 83-89% yield (Scheme 2.13).56,57 While the removal of 

the TES group was expected, the installation of the ketals was not. This serendipitous result could later allow for 

methylated analogs to be used for biological testing. As shown from Table 2.7, attempts at allylic oxidation of 

ketals 2.80 only resulted in hydrolyzed product 2.71 and isomerized enone 2.70. Unfortunately, it became evident 

that isomerized enone 2.70 was the more thermodynamically stable product and another strategy was needed. 

Regrettably, this particular route was bottlenecked by the failed oxidation attempts, but as demonstrated from the 

success of the Grignard reaction, it is clear that a successful nucleophilic addition is possible. Thus, an alternative 

nucleophile was sought. 

 

 

 

 

 

 

 

 

 

 
Scheme 2.13. Other SeO2 Attempts. 

 

 
Scheme 2.12. Proposed Mechanism of the Formation of Furan 2.72. 
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Methoxyallene as an Acyl Anion Equivalent 

 

This method installs the 1,2-dicarbonyl as a masked acyl anion equivalent utilizing methoxyallene 2.83, 

similar to the previous acyl anion equivalent with acylzirconocene (Scheme 2.14).58,59 The benefit of this strategic 

design delivers the nucleophile in the correct oxidation state and provides access to the core of both hemiketals.60 

Additionally, the methoxy group assists in the selective ortho deprotonation by n-butyllithium, leading to an 

ortho-lithiated species, similar to a Snieckus-directed ortho metalation (DoM).61 The chosen electrophiles for this 

reaction were Weinreb amide 2.64 and aldehyde 2.86. Successful nucleophilic addition into the amide would 

result with the product in the correct oxidation state due to the Weinreb amide’s innate ability to stabilize 

tetrahedral intermediates. However, if the Weinreb amide fails, the aldehyde would be attempted next since it is 

more electrophilic. Aldehyde 2.86 can be isolated in 79-83% yield in an LAH reduction of Weinreb amide 2.64. 

However, to prevent squandering this precious material, the initial nucleophilic additions with methoxyallene 

2.83 were first attempted with benzaldehyde 2.82. To our delight, α-hydroxy ketone 2.84 was able to be isolated 

in 40% yield. Now that the proof of concept was successfully achieved with the model system, the real system 

was attempted next. 

 

 
Scheme 2.14. New Strategy with Methoxyallene. 

 

 

Table 2.7. Other SeO2 Attempts with Ketals 2.80. 
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Table 2.8 showcases the massive undertaking of nucleophilic additions attempted with both Weinreb 

amide 2.64 and aldehyde 2.86. A variety of parameters were explored including reaction time, temperature for 

the deprotonation of the allene, acidic workups, additives, equivalents of methoxyallene etc. As shown in Entry 

1, minimal product was observed under these conditions. Lithium aggregation was believed to be a potential 

problem; therefore, TMEDA and DBU were added (Entries 2 and 3). Entry 3 was promising because the addition 

of DBU increased the combined yield of enone 2.87 and 1,2-dicarbonyl 2.88 to 34%. A hypothesis exists that the 

presence of lithiated-DBU can prevent lithium aggregation due to solvation when treated with LDA or nBuLi.62 

To try and improve upon this yield, Entries 4 ‒ 7 explored how increasing the reaction time or varying temperature 

and workup affected yield, but no augmentation in product was observed. Entries 6 and 7 were efforts towards 

achieving transmetalation with Zn(CH3)2 and CeCl3 respectively, but only starting material was observed in both 

cases.63,64 While nucleophilic equivalents were drastically increased to 10 in Entry 8, no improvement in yield 

was demonstrated. Unfortunately, none of these alterations of the reaction parameters improved the yield other 

than Entry 3.  

The next modification was to constrain the movement of the 

allene, as it was believed restraining the nucleophile might help guide 

it to the electrophile more easily; as shown from allene 2.92, once 

lithiated, the MOM allene is tethered by an oxygen (Scheme 2.15). 

Similar to methoxyallene 2.83, MOM allene 2.91 was synthesized 

from alkyne 2.90 with potassium tert-butoxide in low yields.65,66 

Regrettably, Entries 9 – 13 in Table 2.8 demonstrate reactions with 

both Weinreb amide 2.64 and aldehyde 2.86 were unsuccessful. Even 

in the presence of DBU (Entries 12 and 13), only provided unreacted 

starting material.  

 Next, Weinreb amide 2.64 was modified with an acetonide group to give Weinreb amide 2.93, but these 

reactions were unsuccessful as well (Table 2.9). Both the methoxyallene 2.83 and MOM allene 2.91 were 

attempted with Weinreb amide 2.93 in Entries 1 and 2, respectively. Only starting material or lactone 2.95 were 

recovered; lactone 2.95 resulted from the loss of the acetonide protecting group to provide the diol which then 

cyclized onto the Weinreb amide 2.93. Thus far the highest yielding conditions are from Entry 3 of Table 2.8. 

Due to the interesting results with TMEDA and DBU, further efforts with other diamine additives will be explored 

in the future.67 The next section will discuss another promising nucleophilic addition approach. 

 

 

 

 
Scheme 2.15. Synthesis of Methoxyallene 

and MOM allene. 
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Table 2.9. Nucleophilic Additions. 

 

Table 2.8. Nucleophilic Additions with Methoxyallene 2.83 and MOM allene 2.91.  
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The Butadiene Method 

 

Another acyl anion equivalent very similar to methoxyallene 2.83, namely methoxybutadiene 2.95, was 

attempted. This strategy involved a directed metalation with tert-butyllithium,68,69 followed by nucleophilic attack 

into Weinreb amide 2.96 to obtain dicarbonyl precursor 2.97 (Scheme 2.16). With 2.97 already in the correct 

oxidation state, this would be followed by hydrolysis, protection, cyclization, cross metathesis and deprotection 

steps to ultimately obtain HKE2. This reaction to obtain dicarbonyl precursor 2.97 was not pursued further due to 

its low yield of 23%, but in the future it is worth pursing because, unlike the nucleophilic attack with 

methoxyallene 2.83, only one product is obtained, rather than a mixture of isomers which need to be further 

oxidized. In 1991, Badanyan and coworkers utilized a similar substrate where the diagnostic vinylic gamma-

hydrogen of this structure was confirmed.70 Perhaps additives, like TMEDA, DBU, or HMPA, can help improve 

the yield by breaking up lithium aggregates like shown in the previous section. Concomitantly, while the 

butadiene nucleophilic additions were explored, conditions to introduce a dithiane were being optimized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.16. Butadiene Strategy. 
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Umpolung Dithiane Approach 

 

Previous work by Dr. Alex Allweil involved nucleophilic additions with dithianes in which dithiane 2.100 

was deprotonated and added into aldehyde 2.86 (Scheme 2.17). Unfortunately, despite his extensive optimization 

efforts, this reaction was unsuccessful. More information can be found in his thesis dissertation regarding this 

reaction.2 Using this work as inspiration, the next idea proposed involved an umpolung approach, where there is 

a reversal in the polarity of the substrates with dipoles indicated in blue and red. Thus, rather than using aldehyde 

2.86 as an electrophile, transforming it into TES-protected dithiane 2.101 to use as a nucleophile under a set of 

deprotonation conditions was a topic of interest. Then, the corresponding electrophile would be acrolein 2.102 to 

ultimately access 1,2-dicarbonyl precursor 2.46. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To access TES-protected dithiane 2.101, epimerized lactone 2.62 (shown previously in Scheme 2.10) 

underwent DIBAL-H reduction to provide lactol 2.105 in an 89% yield (Scheme 2.18). This was followed by 

treatment with 1,3-propanedithiol and BF3·OEt2 to provide dithiane 2.106 in 53% yield, and finally the TES 

protection afforded dithiane 2.101 in a 70% yield. Ensuing deprotonations then followed by treatment with either 

nBuLi or tBuLi (Table 2.10).71 In all entries, a D2O quench was conducted to determine if deuterium 

incorporation was observed, which would indicate the success of the deprotonation, while the absence of 

deuterium indicates reaction failure. In Entry 1, treatment of dithiane 2.101 with nBuLi astonishingly gave 85% 

of recovered starting material. Due to the overwhelming amount of starting material recovered, next in Entry 2, a 

more aggressive base tBuli was attempted, but this still resulted in 91% of recovered dithiane 2.101. Then, 

 
Scheme 2.17. Umpolung Dithiane Approach. 
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attempts with HMPA and warmer temperatures were tried (Entries 3 – 5). Unfortunately, starting material was 

obtained again. As a final desperate attempt, deprotonation with tBuLi at 0 °C shockingly provided 93% starting 

material as shown in Entry 6. Next further, attention to the literature was sought to find a possible answer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After searching in the literature for divine inspiration to improve the dithiane deprotonation, a helpful 

review by Dr. Amos Smith was found.72 In his review, substrate 2.108 which is quite similar to dithiane 2.101 

was highlighted. He explained that the πC-C
 donation into the σ*

C-S of the dithiane decreases the acidity of the axial 

hydrogen, and because of this, it results in an overall decrease in the stability of the conjugate base. This is the 

argument Dr. Amos Smith uses to explain why the deprotonation could not occur in his substrate, and it is 

hypothesized that therefore dithiane 2.101 is not able to be deprotonated for this reason as well (Figure 2.2). It 

should be noted that the dithiane is shown in a chair-like conformation because the deprotonation preferentially 

attacks the equatorial hydrogen since it is more acidic than if the hydrogen were in the axial position.73,74  

 
Scheme 2.18. Synthesis of Dithiane 2.101. 

Table 2.10. Dithiane Deprotonations. 
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Thus, to summarize the trials of this route towards HKD2 and HKE2: major optimizations of the Vasella-

fragmentation-cyclization by nuancing the zinc source and adding the zinc over multiple portions significantly 

improved the yield of lactone 2.54. The second obstacle was the allylic oxidations with Davis’ oxaziridine and 

SeO2, after the subsequent nucleophilic addition with allylic Grignard 2.68. Due to the evidence of the more 

thermodynamic enone 2.70, this sequence to access 1,2-dicarbonyl intermediate 2.46 was abandoned for an 

alternative nucleophilic addition with methoxyallene 2.83. Extensive optimization efforts to vary reaction time, 

temperature for the deprotonation of methoxyallene, acidic workups, additives, and equivalents of methoxyallene 

were conducted. Transmetalation efforts ultimately failed, however, the presence of DBU did considerably 

increase the yield of the desired isomers (2.87 & 2.88). Additionally, nucleophilic addition of methoxybutadiene 

2.95 is another nucleophile worth pursing in the future because only one product 2.97 is obtained, rather than the 

mixture of isomers (2.87 & 2.88). Finally, the routes failed include the oxidation-epimerization sequence which 

started from 2-Deoxy-D-ribose, carbonylative couplings, and umpolung dithiane approach. The next section 

summarizes the current route to date after overcoming these challenges.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2. πC-C Donation into σ*

C-S Prevents Ease of Deprotonation of 2.101. 
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Current Route 

 

 

 

 

 

 

 

 

 

 

 

 

In summary, treatment of D-gluconolactone with 33% HBr in AcOH yielded dibromosugar 2.53 (Scheme 

2.19).48 Next, a zinc-mediated Vasella-fragmentation-cyclization sequence afforded five-membered lactone 2.54 

in 22-26% yield over two steps.44 This is an improvement over previous methods which are lower yielding and 

require more steps.45,46 TBS protection followed by epimerization with Pd(OAc)2 afforded lactone 2.62 which 

established the relative stereochemistry required for HKE2.49 Nucleophilic addition with the Weinreb salt and 

Al(CH3)3 followed by TES protection yields Weinreb amide 2.64 in 87-91% yield over 2 steps. Ensuing LAH 

reduction gave aldehyde 2.86 in 79-83% yield. Next, a nucleophilic addition with methoxyallene 2.83 to establish 

the 1,2-dicarbonyl framework.60 The optimized conditions for the nucleophilic addition between methoxyallene 

2.83 and aldehyde 2.86 leveraged the effects of TMEDA and DBU to yield enone 2.87 and its 1,2-dicarbonyl 

isomer 2.88.75 The benefit of this tactical design delivers the nucleophile in the correct oxidation state.  

 

Future Directions 

 

The future hope for this project is to oxidize the mixture of enone 2.87 and 1,2-dicarbonyl 2.88 with mild 

iodine reagents, alternatives to IBX, to give the desired 1,2-dicarbonyl cyclization precursor 2.46 (Scheme 2.20).76 

However, it should be stated that further investigations of the butadiene nucleophilic addition may provide even 

higher yields than the current conditions with methoxyallene 2.83. Next, a selective TES deprotection and ensuing 

cyclization would provide hemiketal 2.109. Protection of the hemiketal, followed by subsequent Type I and Type 

II cross metatheses with Grubbs catalyst,77,78 and a final global deprotection would ultimately afford HKE2. 

 

 
Scheme 2.19. Current Route with Methoxyallene.  
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Alternatively, if the Type I and II cross metatheses are nonselective, side chain 2.110 could be installed 

with a cross metathesis at epimerized lactone 2.62 which may help improve the selectivity (Scheme 2.21).79 From 

here the synthesis would proceed as previously stated, and another cross metathesis with ketal 2.111 and side 

chain 2.112 would ultimately provide access to HKE2. Once the current route towards HKE2 has been established, 

synthesis of HKD2 would proceed in a similar fashion beginning from L-gluconolactone, previously shown in 

Scheme 2.8.  

 

 

 

 

 

 

 

 

 

By enabling access to HKD2 and HKE2, further biological studies could be done to probe their roles in the 

inflammatory pathway, as well as further investigate their effects of angiogenesis and tubulogenesis in murine 

pulmonary endothelial cells. These studies may help doctors better understand inflammatory diseases and treat 

patients. 

 

 
Scheme 2.20. Future Directions towards HKE2.  

 

 
Scheme 2.21. Alternative Route towards HKE2.  
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General Experimental Section 

 

All non-aqueous reactions were performed in flame-dried or oven dried round-bottomed flasks under an 

atmosphere of argon. Stainless steel syringes or cannula were used to transfer air- and moisture-sensitive liquids. 

Reaction temperatures were controlled using a thermocouple thermometer and analog hotplate stirrer. Reactions 

were conducted at room temperature (rt, approximately 23 °C) unless otherwise noted. Flash column 

chromatography was conducted using silica gel 230-400 mesh. Analytical thin-layer chromatography (TLC) was 

performed on E. Merck silica gel 60 F254 plates and visualized using UV, and p-anisaldehyde stain. Yields were 

reported as isolated, spectroscopically pure compounds.  

Solvents were obtained from an MBraun MB-SPS solvent system. Commercial reagents were used as 

received unless otherwise noted. Purification of reagents was followed according to the Purification of Laboratory 

Chemicals (2009) or the Encyclopedia of Reagents for Organic Synthesis. The molarity of n-butyllithium 

solutions was determined by titration using diphenylacetic acid as an indicator (average of three determinations).  

Semi-preparative reverse phase HPLC was conducted on a Waters HPLC system using a Phenomenex 

Luna 5 μm C18(2) 100A Axia 250 x 10.00 mm column or preparative reverse phase HPLC (Gilson) using a 

Phenomenex Luna column (100 Å, 50 x 21.20 mm, 5 μm C18) with UV/Vis detection. Infrared spectra were 

obtained as thin films on NaCl plates using a Thermo Electron IR100 series instrument and are reported in terms 

of frequency of absorption (cm-1). 1H NMR spectra were recorded on Bruker 400 or 600 MHz spectrometers and 

are reported relative to deuterated solvent signals. Data for 1H NMR spectra are reported as follows: chemical 

shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, br = broad, 

app = apparent), coupling constants (Hz), and integration. 13C NMR spectra were recorded on Bruker 100 or 150 

MHz spectrometers and are reported relative to deuterated solvent signals. LC/MS was conducted and recorded 

on an Agilent Technologies 6130 Quadrupole instrument.  

 

Activation of Zinc. Commercial coarse zinc powder (50.0 g) was stirred in 2% HCl (125 mL) for 1 min, (then 

the acid was removed by filtration), and washed in a beaker with 2% HCl (125 mL), H2O (3 x 42 mL), EtOH (2 

x 84 mL), and Et2O (84 mL). (Each wash solution was removed by filtration.) The material was dried under 

vacuum overnight and used the next day. 

 

Purification of TMEDA. TMEDA was refluxed over calcium hydride for 2 h and distilled immediately prior to 

use. 

 

Purification of DBU. DBU was dried over KOH and distilled under vacuum immediately prior to use.  
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Compound Preparation: Chemical Synthesis 

 

 

Dibromosugar 2.53 Hydrobromic acid (33% in acetic acid, 240 mL, 1.3 mol) was added to D-glucono-1,5-lactone 

(2.52) (32 g, 180 mmol). The solution was stirred at room temperature for 1 h, cooled to 0 °C, and methanol (960 

mL) was added slowly over 5 min. The reaction was allowed to warm to room temperature and maintained 

overnight. The reaction mixture was concentrated in vacuo, and co-concentrated in vacuo with water (150 mL). 

The syrupy residue was dissolved in water (400 mL), and the aqueous solution was extracted with EtOAc (8 x 

500 mL), the combined organic extracts were dried (Na2SO4), filtered, and concentrated in vacuo to afford 54 g 

of crude 2.53 as a viscous, orange oil.48 The crude product 2.53 was carried forward into the next reaction without 

further purification. 1H NMR (400 MHz, CD3OD): δ 5.14 (d, J = 4.5 Hz, 1H), 4.52 (dd, J = 4.2, 3.0 Hz, 1H), 4.43 

(dd, J = 9.0, 2.9 Hz, 1H), 4.16 (ddd, J = 8.3, 5.3, 2.5 Hz, 1H), 3.77 – 3.70 (m, 1H), 3.64 – 3.55 (m, 1H); 13C NMR 

(100 MHz, CD3OD): δ 172.9, 82.9, 70.6, 68.1, 49.2, 37.8.  

 

 

Lactone 2.54 Crude dibromosugar 2.53 (34 g, 110 mmol) was dissolved in 50% aqueous acetic acid (79 mL), 

cooled to -10 °C, and activated coarse zinc powder44 (40 g, 0.61 mol, 5.5 equiv) was added in 6 portions every 10 

min. The mixture was allowed to warm to 10 °C over 2 h, heated to 60 °C and maintained for 1 h. The reaction 

mixture was cooled to room temperature for 30 min, diluted with EtOAc (30 mL), filtered through a plug of Celite 

and washed with EtOAc (5 x 150 mL). The filtrate was concentrated in vacuo, dissolved in EtOAc/toluene (1:1, 

150 mL) and concentrated in vacuo, the process was repeated twice more. The residue was dissolved in EtOAc 

(30 mL) and diluted with ice water (30 mL). The aqueous layer was extracted with EtOAc (8 x 100 mL), and the 

combined organic extracts were dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified by 

flash column chromatography (gradient 40 to 50% EtOAc/hexanes) to afford 5.2 g (36%) of lactone 2.54 as a 

yellow oil: Rf 0.25 (50% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3): δ 5.95 (ddd, J = 16.7, 10.6, 6.0 Hz, 1H), 

5.61 – 5.51 (m, 2H), 4.95 – 4.90 (m, 1H), 4.57 – 4.52 (m, 1H), 2.81 (dd, J = 17.6, 5.5 Hz, 1H), 2.63 (dd, J = 17.6, 

1.3 Hz, 1H) 1.82 (d, 1H, D2O exchangable); 13C NMR (100 MHz, CDCl3): δ 175.2, 130.2, 121.1, 84.4, 69.6, 38.7. 

Spectral data matched published data.44 

 



68 

 

 

Lactone 2.115 To a solution of lactone 2.54 (4.6 g, 36 mmol, 1 eq) in DMF (36 mL) was added Im (5.4 g, 80 

mmol, 2.2 eq), DMAP (0.44 g, 3.6 mmol, 0.10 eq), and TBSCl (6.5 g, 43 mmol, 1.2 eq) respectively. The reaction 

was allowed to stir overnight at room temperature. The reaction flask was diluted with EtOAc (36 mL), and then 

quenched with H2O (36 mL). The aqueous layer was extracted with EtOAc (2 x 80 mL). The combined organic 

layers were washed with brine (100 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude residue 

was purified by flash column chromatography (gradient 0 to 20% EtOAc/hexanes) to afford 5.5 g (63%) of the 

protected lactone 2.115 as a yellow oil: Rf 0.30 (20% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3): δ 5.98 (ddd, 

J = 17.5, 10.5, 7.2 Hz, 1H), 5.46 – 5.35 (m, 2H), 4.82 – 4.76 (m, 1H), 4.53 – 4.47 (m 1H), 2.72 (dd, J = 17.2, 5.6 

Hz, 1H), 2.48 (dd, J = 17.4, 2.0 Hz, 1H), 0.88 (s, 9H), 0.061 (s, 3H), 0.056 (s, 3H); 13C NMR (100 MHz, CDCl3): 

δ 175.3, 132.0, 120.1, 85.6, 70.9, 39.4, 25.8, 18.2, -4.7, -4.8.  

 

 

Lactone 2.62 To a solution of lactone 2.115 (5.0 g, 21 mmol) in THF (21 mL) was added PPh3 (1.1 g, 4.2 mmol, 

0.20 equiv) and Pd(OAc)2 (0.47 g, 2.1 mmol, 0.10 equiv). The reaction was allowed to stir for 6 h at room 

temperature, filtered through a plug of Celite, and washed with EtOAc (3 x 10 mL). The filtrate was concentrated 

in vacuo, and the residue was purified by flash column chromatography (gradient: 10 to 20% EtOAc/hexanes) to 

afford 3.0 g (59%) recovered lactone 2.115 as a yellow oil and 1.6 g (32%) of lactone 2.62 as a white solid: Rf 

0.67 (20% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3): δ 5.83 (ddd, J = 16.8, 10.7, 5.7 Hz, 1H), 5.41 (d, J = 

17.2 Hz, 1H), 5.30 (d, J = 10.7 Hz, 1H), 4.74 – 4.69 (m, 1H), 4.27 – 4.22 (m, 1H), 2.74 (dd, J = 17.4, 6.4 Hz, 1H), 

2.43 (dd, J = 17.4, 4.2 Hz, 1H), 0.89 (s, 9H), 0.08 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 174.8, 133.1, 118.4, 

87.7, 72.8, 37.6, 25.8, 18.1, -4.6, -4.7. Spectral data matched published data.49 

 

 

Weinreb amide 2.63 To a solution of Weinreb salt (2.6 g, 27 mmol, 2.4 eq) in CH2Cl2 (27 mL) at -78 °C is added 

AlMe3 (13 mL, 27 mmol, 2.4 eq) dropwise. The reaction was allowed to warm to rt for 4 h and 20 min. Then the 
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reaction flask was cooled to 0 °C and a solution of lactone 2.62 (2.7 g, 11 mmol, 1 eq) in CH2Cl2 (11 mL) was 

added. The reaction was allowed to warm to rt for 3.5 h. The reaction was cooled to 0 °C, quenched with Rochelle 

salts (15 mL), and stirred overnight. The reaction flask was diluted with EtOAc and water (50 mL). The aqueous 

layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with brine (60 mL), 

dried (MgSO4), filtered and concentrated in vacuo to afford 2.1 g of the Weinreb amide as a clear, colorless oil. 

The crude product 2.63 was carried forward into the next reaction without need of further purification: Rf 0.10 

(20% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3): δ 5.83 (ddd, J = 16.4, 10.7, 5.5 Hz, 1H), 5.36 (dt, J = 17.3, 

1.6 Hz, 1H), 5.21 (dt, J = 10.6, 1.5 Hz, 1H), 4.34 – 4.28 (m, 1H), 4.23 – 4.18 (m, 1H), 3.68 (s, 3H), 3.17 (s, 3H), 

2.81 – 2.69 (m, 1H), 2.59 (d, 1H, D2O exchangeable), 2.51 – 2.43 (m, 1H), 0.88 (s, 9H), 0.12 (s, 3H), 0.07 (s, 

3H). 

 

 

Weinreb amide 2.64 To a solution of Weinreb amide 2.63 (3.6 g, 12 mmol) in CH2Cl2 (12 mL) was added Im 

(1.8 g, 26 mmol, 2.2 equiv), DMAP (0.14 g, 1.2 mmol, 0.10 equiv), and TESCl (2.4 mL, 14 mmol, 1.2 equiv). 

The reaction was stirred for 10 min at room temperature and quenched with saturated sodium bicarbonate (20 

mL). The aqueous layer was extracted with CH2Cl2 (3 x 40 mL) and the combined organic layers were washed 

with brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo. The crude oil was purified by flash 

column chromatography (gradient: 0 to 10% EtOAc/hexanes) to afford 4.1 g (88% over 2 steps) of TES-protected 

Weinreb amide 2.64 as a clear, colorless oil: Rf 0.50 (20% EtOAc/hexanes); 1H NMR (400 MHz, CDCl3): δ 5.87 

(ddd, J = 17.3, 10.4, 6.9 Hz, 1H), 5.22 – 5.12 (m, 2H), 4.25 (ddd, J = 7.6, 4.6, 2.9 Hz, 1H), 4.07 – 4.03 (m, 1H), 

3.67 (s, 3H), 3.16 (s, 3H), 2.75 – 2.63 (m, 1H), 2.38 (dd, J = 15.4, 4.5 Hz, 1H), 0.95 (t, J = 8.0 Hz, 9H), 0.86 (s, 

9H), 0.60 (q, J = 7.8 Hz, 6H), 0.09 (s, 3H), 0.04 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 174.9, 172.7 (rotamers), 

138.2, 133.1 (rotamers), 118.4, 116.5 (rotamers), 87.7, 78.0 (rotamers), 73.5, 72.8 (rotamers), 61.4, 59.5 

(rotamers), 37.6, 35.8 (rotamers), 32.2, 29.9 (rotamers), 26.1, 25.8 (rotamers), 18.4, 18.1 (rotamers), 7.0, 6.7 

(rotamers), 6.0, 5.1 (rotamers), -4.1, -4.6 (rotamers), -4.7, -4.8 (rotamers). 
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Aldehyde 2.86 To a suspension of LAH (59 mg, 1.6 mmol, 1.3 equiv) in THF (2 mL) at 0 °C was added a solution 

of Weinreb amide 2.64 (0.50 g, 1.2 mmol) in THF (3 mL). The reaction was stirred at 0 °C for 1 h. The reaction 

was quenched with saturated aqueous Rochelle salts (5 mL) and stirred for 30 min. The aqueous layer was 

extracted with EtOAc (3 x 10 mL) and the combined organic layers were dried (MgSO4), filtered and concentrated 

in vacuo. The crude oil was purified by flash column chromatography (2.5% EtOAc/hexanes) using 1% NEt3-

buffered silica to afford 0.36 g (83%) of aldehyde 2.86 as a clear, yellow oil: Rf 0.30 (2.5% EtOAc/hexanes); 1H 

NMR (400 MHz, CDCl3): δ 9.82 (t, J = 2.2 Hz, 1H), 5.79 (ddd, J = 17.0, 10.3, 6.4 Hz, 1H), 5.26 – 5.14 (m, 2H), 

4.11 – 4.03 (m, 2H), 2.61 – 2.43 (m, 2H), 0.94 (t, J = 8.0 Hz, 9H), 0.87 (s, 9H), 0.60 (q, J = 7.9 Hz, 6H), 0.08 (s, 

3H), 0.07 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 201.9, 138.4, 117.1, 78.2, 72.6, 47.4, 26.0, 18.0, 6.9, 5.0, -4.1, 

-4.7. 

 

 

Enone 2.87 / 1,2-Dicarbonyl 2.88 To a solution of methoxyallene 2.83 (19 mg, 0.27 mmol, 3.0 equiv) in THF 

(62 µL) and TMEDA (27 µL, 0.18 mmol, 2.0 equiv) at -45 °C was added nBuLi (0.13 mL, 0.18 mmol 2.0 equiv) 

dropwise. The resulting yellow solution was stirred 20 min. Then, a solution of aldehyde 2.86 (32 mg, 0.089 

mmol) in THF (0.25 mL) was added dropwise to the reaction vessel. The reaction was stirred at -45 °C for 1 h. 

The reaction was quenched with 1N HCl (1 mL). The organic layer was washed with 1N HCl (2 x 2 mL) and the 

aqueous layer extracted with Et2O (3 x 5 mL). The combined organic layers were dried (Na2SO4), filtered and 

concentrated in vacuo. The crude oil was purified by flash column chromatography (gradient: 0 to 5 % 

Et2O/hexanes) with 1% NEt3-buffered silica to afford 11 mg (34%) of recovered aldehyde 2.86, 4.5 mg (12%) of 

enone 2.87, and 1.0 mg (2.7%) of 1,2-dicarbonyl 2.88, as clear, yellow oils: Enone 2.87: Rf 0.29 (10% 

EtOAc/hexanes); 1H NMR (600 MHz, CDCl3): δ 6.48 (dd, J = 17.5, 10.5 Hz, 1H), 6.39 (dd, J = 17.4, 1.2 Hz, 

1H), 5.91 (dd, J = 10.5, 1.4 Hz, 1H), 5.86 – 5.76 (m, 1H), 5.18 – 5.10 (m, 2H), 4.56 (ddd, J = 7.6, 5.9, 1.9 Hz, 

1H), 4.03 – 4.00 (m, 2H), 3.42 (d, 1H, D2O exchangable), 1.89 – 1.83 (m, 1H), 1.34 – 1.28 (m, 1H), 0.94 (t, J = 

8.1 Hz, 9H), 0.93 (s, 9H), 0.60 (q, J = 7.7 Hz, 6H), 0.15 (s, 3H), 0.14 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 

202.0, 138.0, 131.8, 130.6, 116.5, 78.6, 73.3, 72.0, 38.2, 26.3, 18.5, 7.0, 5.1, -3.6, -4.0. 1,2-Dicarbonyl 2.88: Rf 

0.37 (10% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3): δ 5.79 (ddd, J = 17.2, 10.4, 7.0 Hz, 1H), 5.20 – 5.13 

(m, 2H), 4.19 – 4.16 (m, 1H), 3.99 – 3.96 (m, 1H), 2.94 – 2.84 (m, 2H), 2.82 – 2.69 (m, 2H), 1.08 (t, J = 7.2 Hz, 
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3H), 0.93 (t, J = 8.2 Hz, 9H), 0.83 (s, 9H), 0.59 (q, J = 7.9 Hz, 6H), 0.07 (s, 3H), 0.02 (s, 3H); 13C NMR (150 

MHz, CDCl3): δ 200.1, 198.0, 138.3, 117.1, 78.1, 72.6, 40.7, 29.5, 26.0, 18.2, 7.0, 4.9, -4.0, -4.8. 

 

 

Enone 2.87 / 1,2-Dicarbonyl 2.88 To a solution of methoxyallene 2.83 (20 mg, 0.29 mmol, 3.0 equiv) in THF 

(62 µL) and DBU (29 µL, 0.19 mmol, 2.0 equiv) at -45 °C was added nBuLi (0.14 mL, 0.19 mmol 2.0 equiv) 

dropwise. The resulting yellow solution was stirred 20 min. Then, a solution of aldehyde 2.86 (35 mg, 0.097 

mmol) in THF (0.25 mL) was added dropwise to the reaction vessel. The reaction was stirred at -45 °C for 1 h. 

The reaction was quenched with 1N HCl (1 mL). The organic layer was washed with 1N HCl (2 x 2 mL) and the 

aqueous layer extracted with Et2O (3 x 5 mL). The combined organic layers were dried (Na2SO4), filtered and 

concentrated in vacuo. The crude oil was purified by flash column chromatography (gradient: 0 to 5 % 

Et2O/hexanes) with 1% NEt3-buffered silica to afford 1.8 mg (4.6%) of recovered aldehyde 2.86, 5.2 mg (13%) 

of 1,2-dicarbonyl 2.88, and 8.3 mg (21%) of a mixture of isomers enone 2.87 and 1,2-dicarbonyl 2.88, as clear, 

yellow oils: Enone 2.87: Rf 0.29 (10% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3): δ 6.48 (dd, J = 17.5, 10.5 

Hz, 1H), 6.39 (dd, J = 17.4, 1.2 Hz, 1H), 5.91 (dd, J = 10.5, 1.4 Hz, 1H), 5.86 – 5.76 (m, 1H), 5.18 – 5.10 (m, 

2H), 4.56 (ddd, J = 7.6, 5.9, 1.9 Hz, 1H), 4.03 – 4.00 (m, 2H), 3.42 (d, 1H, D2O exchangable), 1.89 – 1.83 (m, 

1H), 1.34 – 1.28 (m, 1H), 0.94 (t, J = 8.1 Hz, 9H), 0.93 (s, 9H), 0.60 (q, J = 7.7 Hz, 6H), 0.15 (s, 3H), 0.14 (s, 

3H); 13C NMR (150 MHz, CDCl3): δ 202.0, 138.0, 131.8, 130.6, 116.5, 78.6, 73.3, 72.0, 38.2, 26.3, 18.5, 7.0, 5.1, 

-3.6, -4.0. 1,2-Dicarbonyl 2.88: Rf 0.37 (10% EtOAc/hexanes); 1H NMR (600 MHz, CDCl3): δ 5.79 (ddd, J = 

17.2, 10.4, 7.0 Hz, 1H), 5.20 – 5.13 (m, 2H), 4.19 – 4.16 (m, 1H), 3.99 – 3.96 (m, 1H), 2.94 – 2.84 (m, 2H), 2.82 

– 2.69 (m, 2H), 1.08 (t, J = 7.2 Hz, 3H), 0.93 (t, J = 8.2 Hz, 9H), 0.83 (s, 9H), 0.59 (q, J = 7.9 Hz, 6H), 0.07 (s, 

3H), 0.02 (s, 3H); 13C NMR (150 MHz, CDCl3): δ 200.1, 198.0, 138.3, 117.1, 78.1, 72.6, 40.7, 29.5, 26.0, 18.2, 

7.0, 4.9, -4.0, -4.8. 
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Appendix 1 

Relevant Spectral Data for Chapter 2 
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Figure A.2.1. 1H NMR (400 MHz, CDCl3) of 2.54.  
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Figure A.2.2. 13C NMR (100 MHz, CDCl3) of 2.54.  
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Figure A.2.3. DEPT-135 (100 MHz, CDCl3) of 2.54.  
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Figure A.2.4. 1H NMR (400 MHz, CDCl3) of 2.115.  

 

 

 

 

 

 

 

 

 

 

 

 

 



77 

 

 

Figure A.2.5. 13C NMR (100 MHz, CDCl3) of 2.115.  
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Figure A.2.6. DEPT-135 (100 MHz, CDCl3) of 2.115.  
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Figure A.2.7. IR of 2.115.  
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Figure A.2.8. 1H NMR (400 MHz, CDCl3) of 2.62.  
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Figure A.2.9. 13C NMR (100 MHz, CDCl3) of 2.62.  
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Figure A.2.10. DEPT-135 (100 MHz, CDCl3) of 2.62.  
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Figure A.2.11. IR of 2.62.  

 

 

 

 

 

 

 

 

 

 



84 

 

 

Figure A.2.12. 1H NMR (400 MHz, CDCl3) of 2.63.  
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Figure A.2.13. 1H NMR (400 MHz, CDCl3) of 2.64.  
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Figure A.2.14. 13C NMR (150 MHz, CDCl3) of 2.64.  
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Figure A.2.15. DEPT-135 (150 MHz, CDCl3) of 2.64.  
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Figure A.2.16. IR of 2.64.  
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Figure A.2.17. 1H NMR (400 MHz, CDCl3) of 2.86.  
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Figure A.2.18. 13C NMR (100 MHz, CDCl3) of 2.86.  
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Figure A.2.19. DEPT-135 (100 MHz, CDCl3) of 2.86.  
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Figure A.2.20. IR of 2.86.  
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Figure A.2.21. 1H NMR (600 MHz, CDCl3) of 2.88.  
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Figure A.2.22. 13C NMR (150 MHz, CDCl3) of 2.88.  
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Figure A.2.23. DEPT-135 (150 MHz, CDCl3) of 2.88.  
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Figure A.2.24. 1H NMR (600 MHz, CDCl3) of 2.87 and 2.88.  
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Figure A.2.25. 13C NMR (150 MHz, CDCl3) of 2.87 and 2.88.  
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Figure A.2.26. DEPT-135 (150 MHz, CDCl3) of 2.87 and 2.88.  
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CHAPTER 3  

 

GAINING MOLECULAR INSIGHT ON THE SYNTHESIS OF NANOPARTICLES 

 

On the Comparison of How Organic and Nanomaterial Chemists Understand Catalysis 

 

The fundamental understanding of catalysis amongst organic and nanomaterial chemists differs 

substantially. This perspective will demonstrate how these two fields comprehend catalysis using specific 

examples from the literature and discuss how these fields may be able to merge these ideas to potentially solve 

novel problems. This includes critiquing nanoparticle experiments to explain how an organic chemist would 

approach or seek to further explore ideas originating from the nanoparticle community. The benefits of 

understanding how different fields approach similar goals can be paramount to advancing technology further to 

benefit society. To begin, it is necessary to provide a brief synopsis of various differences between the field of 

organic chemistry and nanomaterials.  

Organic chemists have a profound grasp of how to predict and manipulate carbon-containing molecules. 

Organic synthesis groups have this capability simply because the origin of this field can be dated back to the 

1800s where the first synthesis of urea was disclosed.1 Today in order to access novel targets for drug discovery, 

it is generally well-known which reagents are necessary to conduct reductions to alcohols, hydrogenations of 

alkynes, and oxidations of alcohols to carboxylic acids to give a few examples. Furthermore, if a particular 

oxidation is not successful, a plethora of options are available to attempt until the desired outcome is achieved. 

For example, if a Swern oxidation is unsuccessful, the Parikh Von Doering, IBX, TEMPO and other oxidations 

can be tried.2,3,4,5 Hundreds of named reactions exist.6 This field also has the advantage of databases that organize 

these reactions, so patterns are easily recognizable, like the electronic Encyclopedia of Reagents for Organic 

Synthesis (e-EROS).  

In contrast, due to the fact that nanotechnology is still in its infancy, this field does not have the same 

advantages that organic chemists have to predict patterns in the synthesis of nanoparticles and by extension 

catalysis. The nano field uses their knowledge of surfaces and specific facets of nanoparticles to understand 

catalytic behavior. However, mechanistic understanding of what is occurring in the round bottom flask is still 

lacking. Although there are scientists in the nano field who are doing amazing work towards this end. Dempsey’s 

impressive endeavors report three separate ligand-based mechanisms between oleate-capped PdS nanocrystals 

and undec-10-ene-1-thiol.7 For example, the author demonstrates that Z-type displacement, L-type binding, and 

X-type exchange of ligands depends on the surface or facet that the ligand interacts with which is an important 

aspect to consider in catalysis if ligands are involved. With the main differences between the two fields 
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established, the next section will discuss how organic chemists approach enantioselective transformations of 

carbon-based molecules using catalysts.  

 

Enantioselective Catalysis: from the Perspective of Organic Chemists 

 

Organic chemists use their understanding of 

sterics, electronics, and stereoelectronics to 

develop catalysts. For example, the clever design of 

the Corey-Bakshi-Shibata (CBS) catalyst takes 

advantage of these three aspects for the 

enantioselective reduction of a carbonyl.8,9 As 

shown in Scheme 3.1, the initial step is the 

coordination of BH3 to the Lewis basic nitrogen in 

chiral oxazaborolidine catalyst 3.2. The effect of 

this coordination primes the BH3 to act as a hydride 

donor, while simultaneously increasing the Lewis 

acidity of the endocyclic boron atom. CBS catalyst-

borane complex 3.4 binds with carbonyl 3.3 in a 

manner that minimizes steric interactions with the 

R group attached to the endocyclic boron. From an 

electronic standpoint, this is favorable for two reasons; one reason is because the electronically deficient carbon 

of carbonyl 3.3 aligns with the coordinated BH3 in a boat-like transition state. Secondly, the oxygen of carbonyl 

3.3 coordinates with the Lewis acidic endocyclic boron. With these aspects in mind also consider that complex 

3.5 demonstrates the ease in which the stereoelectronic, intramolecular hydride transfer can enantioselectively 

reduce carbonyl 3.3 to obtain chiral alcohol 3.8. 

Another catalyst organic chemists utilize for enantioselective reductions of carbonyls is the organoborane 

reagents developed by M. Mark Midland. A chemical review from 

1989 showcases a proposed boat-like transition state to explain the 

enantioselectivity (Figure 3.1).10 It was found that a syn-planar 

relationship of the B-C-C-H bonds allowed for a faster rate in 

reduction. As shown from the transition state model, favored 

transition state 3.9 places the largest R group of the carbonyl substrate 

in the equatorial position to minimize steric strain with the axial 

 
Scheme 3.1. Mechanism of the CBS reduction, where RS = small R 

group and RL = large R group. J. Am. Chem. Soc. 1987, 109, 5551–

5553. 

 
Figure 3.1. Key transition state to explain 

selectivity for the Midland reduction. Chem. 

Rev. 1989, 89, 1553–1561. 
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methyl group in the alpine borane; while the smaller R group is found in the axial position of boat-like transition 

state 3.10. Electronically, transition state 3.9 is favorable because the oxygen from the carbonyl orients itself with 

the electron deficient boron. This allows for selective hydride delivery into the carbonyl which results in the 

enantioselective reduction of a desired carbonyl. Typically for Midland reductions, carbonyl substrates containing 

alkyne groups provide good selectivity, due to the alkyne’s 

small A-value.11 A-values are numerical values assigned to 

different substrates to provide a representation of steric bulk. 

Because smaller A values correspond with decreased steric 

strain, this allows an alkyne, for example, to lock into the axial 

position to minimize the overall energy of the transition state; 

however, the Midland reduction can succeed with other types 

of R groups as well. 

A more recent catalyst developed by Johnston and 

coworkers in the early 2000’s are the Bis(AMidine) (BAM) 

catalysts for enantioselective catalysis and peptide synthesis.12 

Scheme 3.2 showcases (S,S)-3•HNTf2 (3.11), specifically 

developed for the synthesis of enantioselective β2,3-amino 

amides through umpolung chemistry. Natural products or drugs contain these β-amino amide motifs, and this 

methodology is even desired by industrial companies.  

While not every catalyst utilized in the field will be mentioned herein, it should be said that hydroxyl-

directed hydrogenations like Wilkinson’s catalyst, in addition to Brown and Crabtree’s catalysts, have established 

importance in the field of organometallic chemistry.13,14 Through the development of the CBS, Midland and BAM 

catalysts, organic chemists have mechanistic clarity of how the enantioselectivity or diastereoselectivity of 

substrates is achieved.  

The last example to be discussed is Lindlar’s catalyst, as this mechanism is largely unknown among 

organic chemists, yet is widely used. With normal palladium catalysts subjected under hydrogen gas, alkenes are 

reduced to fully saturated alkanes.15,16 However, Lindlar’s catalyst is used for the semi-hydrogenations of alkynes 

to cis-alkenes.17 Lindlar’s catalyst is a palladium catalyst poisoned with lead and calcium carbonate to reduce its 

reactivity to allow the semi-hydrogenation to occur. When organic chemistry professors teach the “mechanism”, 

the catalyst is assumed to be a perfectly flat surface in which an alkyne aligns itself, and there is no mention of 

the potential edges of the catalyst surface or that it is comprised of atoms. A focus on nanocatalyst surface is 

where nanoparticle chemists particularly shine, which is what the next section will discuss and critique in several 

different case studies.  

 
Scheme 3.2. Jeffery Johnston’s (S,S)-3•HNTf2 

catalyst, developed for the synthesis of β2,3-amino 

amides from this chiral proton-catalyzed Michael 

addition of nitroalkanes. Chem. Sci. 2019, 10, 1138–

1143. 
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Catalysis: from the Perspective of Nanomaterial Chemists 

 

Maier et al. explain the selectivity of hydrogenation 

catalysts using arguments of sterics and how the atomic 

arrangement on the surface of the catalyst may influence the 

selectivity of hydrogenations. Depending on the substrate 

chosen for hydrogenation, it may feel more or less strain at the 

terraces vs. steps pictured in Figure 3.2.18 This plays a role in 

whether the substrate is semi- or fully hydrogenated. Using this 

theory, alkynes would experience very little steric hinderance 

on both terraces and stepped surfaces due to their low A values. 

Alkenes would undergo more steric hinderance on terraces 

rather than steps, due to the angle the alkene could orient itself 

on the steps. And finally, while alkanes would not be 

hydrogenated further, alkanes would experience even more 

steric hinderance at the terrace than the stepped surface 

compared to alkenes and alkynes. This nice visualization 

portrays how catalyst surfaces may not, in fact, be perfectly flat 

as many organic chemists believe, but may have kinks and 

edges that are present which may even direct synthesis. 

Additionally, it provides a basis for how an alternative semihydrogenation catalyst may be designed. Using this 

knowledge, the authors of this paper sought to create nanosized Pd particles which selectively semihydrogenate 

alkynes to cis-alkenes by using a catalyst with more terraces.  

These authors found a Pd/W film to be a good candidate for the cis-selectivity of alkenes and was directly 

contrasted with Lindlar’s catalyst. However, improvements could have been made in the experimental process, 

as no constant molar or weight percent of the catalysts were used. Their claim that the Pd/W catalyst ‘outperforms’ 

Lindlar’s catalyst is questionable because without keeping the catalyst loading similar, the reported percent 

conversions of either catalyst have very little meaning. Additionally, the authors provided a minimal number of 

external alkynes to screen in this methodology. Including substrates with R groups that are electronically diverse 

is important to fully understand the grasp how the catalyst is affected by differing electronic environments. The 

authors choose very similar electron withdrawing and electron donating groups which hinders the ability to form 

any meaningful patterns. Increasing the sterics of the R groups within these alkynes would also be beneficial to 

this study. Finally, due the sputtering technique used to make the Pd/W film, carbon impurities were present. The 

 
Figure 3.2. Sterics associated with terraces and steps. 

Reprinted with permission from Ulan, J.; Maier, W.; 

Smith, D. J. Org. Chem. 1987, 52, 3132–3142. 

Copyright 2022 American Chemical Society. 
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authors admitted that these impurities limited the longevity of the catalyst at scales bigger than 1-10 mmol. All 

of these critiques demonstrate how an organic chemist would have reshaped this experiment to better understand 

the limits of the catalyst.  

In the next case study, Somorjai and coworkers researched the reduction of pyrrole 3.15 with dendrimer-

templated Pt nanoparticles of 5 nm or less.19 The reduction of pyrrole 3.15 was investigated, as it is a common 

agent in fuel. The authors utilized fourth generation hydroxyl-terminated polyamidoamine (PAMAM) 

dendrimers, polymers with many tree-like branching points, for templating and capping to achieve Pt nanoparticle 

size control. It was found that the reduction of pyrrole 3.15 to pyrrolidine 3.16 was not sensitive to the varying 

sizes of the Pt nanoparticles, because the turnover frequencies of pyrrolidine 3.16 (TOFpyrrolidine) changed 

negligibly, as shown from Table 3.1. However, the TOFs of the transformations from pyrrole 3.15 to n-

butylamine 3.18 (TOFn-butylamine) increased with increasing sizes of Pt nanoparticles.  

Investigating the idea that ultrasmall nanoparticles may have a selection for certain types of molecules 

with differing amounts of hydrogens is interesting. I admire the authors’ decision to look at the reaction 

conversion rates of all the possible side products. One aspect not addressed is how the successive hydrogenations 

interact on such a complex surface like a dendrimer. Afterall, unlike the Pd/W catalyst in the previous study 

discussed, a dendrimer would have much fewer flat terraces due to the winding and coil-like nature of the polymer. 

It would be interesting to explore the mechanism of how the interaction of the polymer and Pt interact with the 

incoming hydrogenated substrates. Is there an optimal angle at which substrates are hydrogenated on this surface? 

Organic chemists learn that the Bürgi–Dunitz angle is the optimal angle at which an incoming nucleophile comes 

in to attack sp2 hybridized carbonyls. Surely there are optimal angles at which incoming substrates may need to 

approach different surfaces? Additionally, does the polymer play a role in guiding or repelling incoming 

substrates? Ultimately, it would be interesting to determine if there is a way to direct the substrates through steric 

or electronic interactions to guide or repel certain molecules to the dedrimer surface. 

Table 3.1. Turn over frequencies based on pyrrole, pyrrolidine, and n-butylamine conversions. Adapted with 

permission from Kuhn, J.; Huang, W.; Tsung, C.; Zhang, Y.; Somorjai, G.  J. Am. Chem. Soc. 2008, 130, 14026–

14027. Copyright 2022 American Chemical Society. 
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In the third case study, Zheng and coworkers 

explored the hydrogenation of styrene and trans-stilbene 

over palladium nanocrystals.20 The authors noted that 

different crystals can expose various facets or surfaces on 

the catalyst, and the facet exposed under hydrogenation 

conditions determines how effective the hydrogenation 

takes place. Additionally, there is no guarantee that 

hydrogen gas saturates every facet of the Pd catalyst 

equally. This may lead to more reactive surfaces within 

the catalyst. It was found that both hexagon-shaped Pd 

nanosheets and Pd nanotetrahedra containing the Pd{111} 

as their major exposure surfaces provided good catalytic 

activity for the reduction of styrene, but no activity for 

trans-stilbene. In comparison, Pd nanocubes containing 

six{100} facets gave high catalytic activity for both 

substrates. As shown in Figure 3.3, the authors use the 

Horiuti-Polanyi mechanism and provide exact calculations of different transition states to explain these 

experimental results.  

While it is interesting to suggest that one hydrogenated face is more reactive than another, this experiment 

could be improved by providing substrates that are at least similar to compare. Styrene is a monosubstituted 

alkene, whereas trans-stilbene is disubstituted. Due to the drastic difference in sterics of these two alkenes, they 

should not be compared. An organic chemist would easily predict that the more sterically hindered alkene would 

prove more difficult hydrogenate with any catalyst. So the result that the Pd{111} provided good catalytic activity 

for the reduction of styrene, and no activity for trans-stilbene is not that surprising at all. More monosubstituted 

and disubstituted alkenes should be hydrogenated with the chosen nanocrystals to test to see if the facets actually 

do play a significant role in the transition states. Additionally, the experimentalist should also be consistent with 

the E or Z configuration of the alkene when comparing the stability of transition states, as there is an energy 

difference. Finally, the authors only chose two facets to explore. It would be interesting to see if other facets 

demonstrate special activity. Only after these considerations are established would making a trend about the 

selectivity of different facets be appropriate. Controlling and keeping these types of variables constant, like how 

organic chemists optimize methodologies for new reactions, may help nanomaterial chemists learn to predict 

patterns associated with catalysis.  

 
Figure 3.3. Transition states calculated using the Horiuti-

Polanyi Mechanism. Used with permission of Royal Society 

of Chemistry, from Zhao, X.; Zhao, Y.; Fu, G.; Zheng, N. 

Origin of the Facet Dependence in the Hydrogenation 

Catalysis of Olefins: Experiment and Theory. Chem. 

Commun. 2015, 51, 12016–12019; permission conveyed 

through Copyright Clearance Center, Inc. 
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In the last case study, Wang and coworkers utilize electrochemistry to synthesize tetrahexahedral Pt 

nanoparticles using a square-wave potential. It was found that the tetrahexahedral facets containing high-index 

planes like {730} and {210} provided the highest catalytic activity.21 This paper claims that these facets 

demonstrate higher catalytic activity than {111} and {100} faces. Interestingly, previous case studies highlighted 

herein researched the catalytic activities of these more common stable planes. Because high-index planes have 

more atomic steps, ledges, and kinks, it makes sense why the {730} and {210} facets would exhibit high catalytic 

behavior considering more interactions with molecules can occur. However, the question remains if these high-

index surfaces can provide any selectivity for the desired oxidations. The authors focus on using this catalyst to 

oxidize formic acid and ethanol, as these two small organic molecules have promise as alternative fuels sources. 

Two types of catalysts were used as controls: Pt nanospheres and commercially available Pt/C for comparison.  

As shown in Figure 3.4, the ability of the Pt 

tetrahexahedral nanoparticles to oxidize formic acid and 

ethanol clearly outperforms the other two catalysts. 

However, details regarding the oxidation states of the 

products after oxidation are not reported. No information 

is given regarding if only one oxidized product obtained 

from formic acid and ethanol or if there are multiple side 

products. This information would be incredibly useful. 

Additionally, the particle sizes of all three catalysts 

differ: Pt tetrahexahedra (d = 81 nm), Pt nanospheres (d 

= 115 nm), and commercial Pt/C (d = 3.2 nm). Ideally 

the experimentalist should choose catalysts similar in 

size for a proper comparison to gain a better 

understanding of the catalyst’s surface area.  

To conclude, it is apparent based on the studies chosen in this perspective that organic chemists and 

nanomaterial chemists think very differently about catalysis and experimental design. However, both of these 

types of knowledge should complement each other, not clash. Each field offers a slightly different perspective 

which may prove beneficial for the advancements of both fields. Organic chemists manipulate carbon-containing 

molecules based on their knowledge of sterics, electronics, stereoelectronics and intermolecular bonding. 

Nanoparticle chemists use their knowledge of facets and atomic arrangements to understand how molecules may 

interact at these surfaces. Collaborations between these two fields could prove quite fruitful. By combining both 

perspectives from both fields, perhaps newer and more efficient catalysts could be developed to access 

enantioselective transformations that currently cannot be achieved using our current toolset.  

 
Figure 3.4. Comparison of catalytic activities for Pt 

tetrahexahedral, Pt nanospheres, and Pt/C. From Tian, N.; 

Zhou, Z.; Sun, S.; Ding, Y.; Wang, Z. Science (1979) 2007, 

316, 732–735 / Reprinted with permission from AAAS. 
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Collaborations between Organic and Nanomaterial Chemists  

 

Areas where organic and nanomaterial chemists might be able to solve novel transformations in the field 

of organic chemistry include discovering catalysts that reduce alkynes to trans-alkenes. Currently no robust 

method exists to achieve this transformation using catalysts that are readily available. As seen from this 

perspective, both fields have thoroughly studied the alkyne to cis-alkene hydrogenation with numerous catalysts, 

but not to trans-alkenes. Incorporating ideas of how small drug molecules interact with enzyme pockets and 

nanosurfaces might be a way in which alkynes could be guided to a surface to produce trans-alkenes.  

Another void in the organic literature, mentioned previously in Chapter 2 (Figure 2.1), is the ability to 

form unsymmetric 1,2-dicarbonyls. Dechert-Schmitt, Blackmond, and coworkers cleverly designed a one-pot 

four component Pd-catalyzed coupling via a double isocyanide insertion without the use of CO.22 The reaction 

scope, however, is restricted to aryl halides and alkyl zinc reagents which presents limitations to access natural 

products containing keto-hemiketal moieties. While this work is a good start to allow the synthesis community 

access to unsymmetric 1,2-dicarbonyls, more methodologies must be developed to tolerate this coupling directly 

with alkyl halides.  

The development of chiral nanocatalysts is another interest to both fields. The synthesis of chiral nickel 

sulfide catalysts was attempted in the Macdonald laboratory, but unfortunately failed. One possible reason for the 

observed failure was that only chiral ligands were utilized. Recently, Hubley et al. found that solely chiral ligands 

are insufficient to create a chiral catalyst.23 The presence and ratios of both achiral and chiral ligands is very 

important to create a chiral environment which was confirmed by circular dichroism. This work was performed 

with methylammonium lead bromide perovskite nanoplatelets. To a similar end chiral, plasmonic gold 

nanocrystals were synthesized via the enantioselective adsorption of chiral molecules onto gold seed surfaces.24 

Then, upon seeded overgrowth the molecular chirality, introduced from L-glutathione, is then transferred to the 

nanocrystals. While neither of these works performed any enantioselective or diastereoselective organic 

transformations, it is a step towards developing very novel transformations in organic chemistry as well as 

providing interesting chiroptical devices.  

Other hot topics in organic chemistry currently include C-H activation and photocatalysis, both of which 

could potentially benefit from collaborations with nanomaterial chemists.25,26,27 In summary, these topics are 

possible areas in which both organic and nanomaterial chemists could enjoy the mutual benefits of each other’s 

expertise to further the field of chemistry.  
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CHAPTER 4 

 

DEPENDANCE OF TRANSITION METAL TELLURIDE PHASES ON METAL PRECURSOR 

REACTIVITY AND MECHANISTIC IMPLICATIONS 

 

Abstract 

 

Modern bottom-up synthesis to nanocrystalline solid-state materials often lacks the reasoned product 

control that molecular chemistry boasts from having over a century of research and development. This systematic 

study demonstrates how rationally matching the reactivity of metal precursors to that of the main group precursor 

is necessary for the successful production of metal tellurides. Six transition metals including iron, cobalt, nickel, 

ruthenium, palladium, and platinum were reacted with the mild reagent didodecyl ditelluride in their 

acetylacetonate, chloride, bromide, iodide, and triflate salts. The first colloidal syntheses of iron and ruthenium 

tellurides (FeTe2 and RuTe2) are reported. Hard‒soft acid-base theory could not explain all the trends, and instead, 

comparison of the reactivity of the metal halides to the metal triflates were explored which suggests that radical 

stability is the better predictor of metal salt reactivity in this case. 

 

Introduction 

 

The techniques used for the bottom-up synthesis of metal sulfides and selenides do not easily translate to 

the metal tellurides. Because of the soft nature of tellurium, and more positive reduction potentials compared to 

that of sulfur and selenium (E° Te, Te2- = -1.143 V°, E° Se, Se2- = -0.924 V°, E° S, S2- = -0.476 V° vs SHE),1 

successfully capturing metal tellurides in the high temperature conditions common to nanocrystal synthesis can 

be challenging. Yet metal tellurides are important materials from an application standpoint. Iron,2,3 cobalt,4,5 and 

nickel6,7 chalcogenides have a variety of applications as mercury capture materials, superconductors, catalysts, 

and as electromagnetic wave absorption materials. Additionally, ruthenium,8,9 palladium,10,11 and platinum,12 

chalcogenides have uses as catalysts, electrocatalysis, and suppressors of magnetoresistance. Metal sulfides and 

selenides have had more synthetic development than the telluride counterparts in bottom-up synthesis, leaving an 

area of underexplored potential and applications for these nanomaterials. We seek ways to rationally choose 

conditions that will be successful in the bottom up-syntheses to metal tellurides, rather than simply attempting 

(and often failing) the translation of conditions from the preparations of metals sulfides and selenides.  

The metal tellurides chosen for this study have a wide variety of functions. For example, among the chosen 

first-row metals, iron tellurides have attracted attention for their applications in batteries and electrochemical 
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sensors.13,14 FeTe2 nanoparticles were used as an electrochemical sensor to detect four small molecules 

simultaneously to facilitate early detection of a variety of diseases.14 Cobalt tellurides are active electrocatalysts 

and photocatalysts,15,16,17 including the use of CoTe nanoparticles as photocatalysts for the reduction of carbon 

dioxide into methane.17 Additionally, researchers have shown an interest in nickel tellurides for their applications 

in electrocatalysis, electronics, and optoelectronics.18,19,20 NiTe2 was studied for their potential use as 

electrocatalysts for hydrogen evolution.20 Among the second and third-row metals, palladium tellurides act as 

catalysts in organic synthesis.21,22 For instance, these nanoparticles have been tested as catalysts in a classic 

organic chemistry reaction, the Suzuki-Miyaura coupling.22 In contrast to the former transition metal tellurides 

discussed, platinum tellurides remain elusive amidst the literature; however, they have intriguing plasmonic and 

electrocatalytic properties.23,24,25 Similarly, very little is known about the characteristic properties of ruthenium 

tellurides. The ruthenium tellurides are a particularly underexplored space, but other ruthenium chalcogenides are 

powerful hydrodesulfurization catalysis and supercapacitor materials.26,27 However, from what is known, RuTe2 

can perform hydrogen evolution and has semiconducting abilities.28,29 Phase diagrams have been reported for 

iron, cobalt, nickel, ruthenium, palladium, and platinum tellurides;30,31 however, very few colloidal syntheses 

have been reported for any of the known phases.  

In aqueous conditions, dissolved tellurite and tellurate anions can be employed as tellurium sources. Yuan 

et al. synthesized FeTe from mixtures of Te nanorods and FeCl3·6H2O,32 where hydrazine was used to reduce 

dissolved TeO2 to form the Te nanorod precursors. Praminik and coworkers dissolved TeO2 in highly basic 

solution, and then used NaBH4 as a reducing agent in the presence of various metal salts. The authors chose this 

route to make CoTe, NiTe,33 and FeTe2.
14 In contrast, Masikini et al. dissolved PdCl2 in highly basic solution and 

used H2Te gas to form PdTe quantum dots.34 Lastly, Feng and coworkers used NaTeO3 and RuCl3 to prepare 

RuTe2 supported on graphene.28 

In addition to aqueous conditions, solid-state synthesis is commonly used to make transition metal 

tellurides as well. Campos et al. utilized ball milling to access the iron-rich phase of Fe5Te4.
35 Furthermore, the 

Pumera group accessed CoTe2 and NiTe2 by heating their corresponding stoichiometric ratios of cobalt, nickel 

and tellurium powders to 1000 °C.20 Li and coworkers synthesized NiTe from temperatures of 700 and 800 °C 

for four hours.36 In a similar fashion, Gusmão et al. heated the appropriate amounts of platinum and tellurium 

powders to 950 °C for 10 days and synthesized PtTe2 and Pt3Te4.
24 Finally, Tsay et al. synthesized RuTe2 by 

heating elemental ruthenium and tellurium powders into a quartz ampoule to 1000 °C for 10 days.29 

Other varieties of synthesis have been performed to access metal tellurides as well. Kang and coworkers 

synthesized yolk-shell structured FeTe@C and FeTe2@FeTe2-C nanospheres by reductively tellurizing iron 

nitrate-C nanospheres with H2Te gas at 400 or 700 °C.13 NiTe2 was prepared in a similar fashion by Duan et al., 

except NiCl2 was reductively tellurized with H2Te gas from 550-700 °C.19 In contrast, Fu and coworkers 
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synthesized PtTe2 crystals through van der Waals epitaxial growth on mica.23 The authors chose a salts-assisted 

evaporation strategy to form a homogeneous PtCl4/NaCl precursor. Both the precursor and tellurium powder were 

placed in a quartz tube and heated to 800 ºC for 30 min under 10% H2/Ar gas. 

For the noble metals, preparations become tricky because of their propensity to simply form metal(0) 

particles. Single source precursors are a way to ensure bonding between the metal and tellurium. Singh et al. 

synthesized PdTe nanoparticles from single source precursors decorated with organic frameworks.21 Similarly, 

Kumar and coworkers synthesized PdTe and Pd9Te4 nanoparticles through thermolysis.22 Lastly, Afzaal and 

coworkers synthesized a variety of transition metal tellurides, including FeTe2, NiTe, PdTe, PtTe and PtTe2 from 

ditelluroimidodiphosphinate complexes.25  

Still other research groups prefer other synthetic methods to access metal tellurides. Shrestha et al. 

synthesized CoTe thin films through the anion exchange of cobalt hydroxycarbonate with an aqueous tellurium 

powder solution.16 Ashiq et al. utilized hydrazine as the reducing agent for Te(0) in a hydrothermal approach to 

synthesize CoTe.17 Nath et al. used a similar hydrothermal reaction except with TeO2 to give Ni3Te2. 

Alternatively, the same group synthesized Ni3Te2 films through reductive electrodeposition from a solution of 

NiSO4·6H2O and TeO2 onto Au.18 Lastly, Xie et al. used a solvothermal approach with CoCl2·6H2O and Te(0) 

powder at 160 °C to synthesize CoTe2 nanorods.37 

As the aforementioned syntheses demonstrate, the methods for synthesizing transition metal tellurides 

often involve high temperatures, long reaction times, and specialized equipment. There are only a few examples 

in the literature where colloidal synthesis is utilized, in part, because there are only three common tellurium 

reagents that have been employed. The Schaak group used bis(trimethylsilyl)telluride or TOP-Te to tellurize 

metal(0) particles to prepare a plethora of transition metal tellurides including: CoTe2, NiTe2, PdTe, PdTe2, PtTe2, 

Ag2Te, and RhTe2.
38 In the presence of bis(trimethylsilyl)telluride, the more-reactive tellurium reagent, generally, 

the more tellurium rich phases are obtained. Unfortunately, one disadvantage to bis(trimethylsilyl)telluride, is that 

it is volatile and very toxic. The less reactive tellurium reagent, TOP-Te, produced the less tellurium rich phase 

of PdTe. By altering the tellurium reagent’s reactivity, they were able to obtain phase control of PdTe vs. PdTe2. 

In another solution phase synthesis, Yu and coworkers selectively prepared CoTe or CoTe2 nanofleeces by 

reacting Te nanowires with Co(acac)2 at 200 °C.15 Phase control was obtained by altering the millimoles of the 

cobalt precursor present.  

In contrast to the bottom-up preparations, solid-state procedures using stoichiometric mixtures of the 

metals and tellurium have long produced a larger variety of phases including: Fe5Te4, CoTe2, NiTe, NiTe2, 

Pt3Te4, PtTe2, and RuTe2. Among these phases only CoTe2, NiTe2, and PtTe2 have been accessed via colloidal 

synthesis. Because of this gap of missing phases in the literature from colloidal synthesis, more work must be 
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done to investigate how to obtain the more exotic phases, typically only observed under solid-state reaction 

conditions.  

Our group has pioneered the use of didodecyl ditelluride as an exceedingly mild reagent for the synthesis 

of copper tellurides, as it reacts at temperatures that are considered low for colloidal synthesis (< 200 °C). For 

example, we obtained a metastable phase of Cu1.5Te and CuTe at 135 °C and 155 °C, respectively.39 An added 

benefit of didodecyl ditelluride is that the red solid has minimal stench, unlike the corresponding selenide. Other 

than limiting extended light exposure and storage at 0 °C, no special training is required to use or handle this 

chemical. With the scalability of colloidal synthesis and the mild reaction conditions particularly afforded by this 

new reagent didodecyl ditelluride, there is potential to readily prepare kinetically trapped phases to allow for a 

more extensive study and use of metal tellurides in applications. However, as very mild reagent, it is likely that 

the limiting component will not be the reactivity of the telluride reagent, but rather that of the metal source. Both 

must be reactive enough at the moderate temperatures to reap the rewards of the mild tellurium source.  

Thus, how does one choose a metal source? Toxicity and safety can be a concern, and an infamous 

example is the early cadmium chalcogenide quantum dot syntheses which used a toxic CdMe2 reagent, but now 

CdO is almost exclusively used.40 Solubility in heavy organic media is a consideration, and long chain-ligands, 

such as carboxylates and amines, can be employed either intentionally or serendipitously. For example, 

recognizing that cadmium oleate binds as a Z-type ligand is important to consider.41,42 The counterions from the 

metal source were also long under examination in their role in surface passivation of the growing crystals.43 To 

our knowledge, there has not been a systematic study of how the inherent reactivity of the metal precursor can 

influence the product phase in bottom-up synthesis. 

Herein, this work describes a solution phase synthesis of iron, cobalt, nickel, ruthenium palladium, and 

platinum tellurides under mild reaction temperatures and times, using metal acetylacetone, chloride, bromide, 

iodide, triflate salts and didodecyl ditelluride (Scheme 4.1). It was found that modulating the reactivity of the 

chosen transition metal precursor determined whether a metal telluride was achieved and, in the particular case 

of the palladium tellurides, determined the phase. The results suggest the trends in reactivity are correlated with 

radical stability of the metal precursor. Of these six transition metal tellurides, the first nanoparticle syntheses of 

iron and ruthenium tellurides via colloidal syntheses are reported.  

 

Scheme 4.1. The reaction of various metal precursors with didodecyl ditelluride gives Tellurium or Transition Metal Tellurides. 
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Experimental Section 

 

Materials 

 

All reactions were performed in oven-dried 15 mL three neck round-bottomed flasks using standard 

Schlenk line techniques under an argon atmosphere. Reaction temperatures were controlled using a thermocouple, 

and stirring rates were set to 1,200 rpm. Reactions without octadecylamine were degassed at 80 °C for 30 min 

prior to injection; reactions with octadecylamine and/or metal hydrates were degassed at (100 – 135) °C for 1 h 

to remove water prior to injection.  

Cobalt(II) acetylacetonate (Co(acac)2, 97%), cobalt(II) chloride anhydrous (CoCl2, ≥98%), dioctyl ether 

(99%), iron(II) acetylacetonate (Fe(acac)2, 99.95% trace metals basis), iron(II) bromide anhydrous (FeBr2, 98%), 

iron(II) iodide anhydrobeads (FeI2, ≥99.99% trace metals basis), nickel(II) acetylacetonate (Ni(acac)2, 95%), 

nickel(II) chloride hexahydrate (NiCl2·6H2O, 99.9%), octadecylamine (97%), and trifluoromethanesulfonic acid 

(≥99%) were obtained from Sigma Aldrich. Cobalt(II) bromide hydrate (CoBr2·XH2O), cobalt(II) iodide 

anhydrous (CoI2, min. 95%), cobalt(II) trifluoromethanesulfonate (Co(OTf)2, 98%), iron(II) chloride anhydrous 

(FeCl2, 98%), iron(II) trifluoromethanesulfonate (Fe(OTf)2, 98%), nickel(II) bromide (NiBr2 anhydrous, 99+%), 

nickel(II) trifluoromethanesulfonate (Ni(OTf)2, 98%), palladium(II) acetylacetonate (Pd(acac)2, 99%), 

palladium(II) bromide (PdBr2, 99%), palladium(II) chloride (PdCl2, 99.9%), palladium(II) iodide (PdI2, 99%), 

palladium(II) nitrate hydrate (Pd(NO3)2·XH2O) (Pd ~40%, 99.9%-Pd), platinum(II) acetylacetonate (Pt(acac)2, 

98%), platinum(II) bromide (PtBr2, 98%), platinum(II) chloride (PtCl2, 99.9%), platinum(II) iodide (PtI2, min. 

98%), ruthenium(III) acetylacetonate (Ru(acac)3, 99%), ruthenium(III) bromide hydrate (RuBr3·XH2O), 

ruthenium(III) chloride anhydrous (RuCl3), and ruthenium(III) iodide anhydrous (RuI3, 98+%) were obtained 

from Strem Chemicals. XRD analysis of the ruthenium(III) chloride found it to be instead RuOCl2.
44  Nickel(II) 

iodide (NiI2, 98%) was obtained from Ambeed, Inc. All materials were used from the commercial suppliers 

without further purification. 

 

Synthesis of Transition Metal Telluride (No Ligand) 

 

A solution of metal precursor (0.25 mmol) in dioctyl ether (2.5 mL) was placed in a 15 mL three-neck 

round bottom flask and was degassed under vacuum at 80 °C for 30 min. A solution of didodecyl ditelluride (0.25 

mmol) in dioctyl ether (1.0 mL) was degassed under vacuum at room temperature for 30 min. Both flasks were 

placed under an argon atmosphere, and then evacuated and refilled with argon three times. The reaction flask 

containing the metal precursor was heated to 135 °C, and the telluride precursor was injected into the reaction 
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vessel. The reaction mixture was allowed to stir for 1 h and then cool to room temperature. The post reaction 

mixture was precipitated in acetone and resuspended in chloroform two to three times (8000 rpm, 8 min).  

 

Synthesis of Transition Metal Telluride (with Octadecylamine) 

 

A solution of metal precursor (0.25 mmol) and octadecylamine (0.50 mmol) in dioctyl ether (2.5 mL) was 

placed in a 15 mL three-neck round bottom flask and was degassed under vacuum at (100-135) °C for 1 h. A 

solution of didodecyl ditelluride (0.25 mmol) in dioctyl ether (1.0 mL) was degassed under vacuum at room 

temperature for 1 h. Both flasks were placed under an argon atmosphere, and then evacuated and refilled with 

argon three times. The reaction flask containing the metal precursor was heated to 135 °C, and the telluride 

precursor was injected into the reaction vessel. The reaction mixture was allowed to stir for 1 h and then cool to 

room temperature. The post reaction mixture was precipitated in warm isopropanol and resuspended in 

chloroform two to three times (8000 rpm, 8 min).  

 

Synthesis of Palladium Trifluoromethanesulfonate Pd(OTf)2 

 

To a solution of Pd(NO3)2·XH2O (57.9 mg, 0.25 mmol) in H2O (8 drops) was added 

trifluoromethanesulfonic acid (0.88 mL, 10 mmol) dropwise at 0 °C. The resulting purple suspension was allowed 

to warm to room temperature and stir for 2 h. The post reaction mixture was precipitated with dioctyl ether (8000 

rpm, 8 min). The crude material was immediately carried forward into the next reaction with didodecyl ditelluride. 

This procedure is adapted from the literature.45  

 

Characterization 

 

 Transmission Electron Microscopy (TEM) was performed on a FEI Technai Osiris 200 kV S/TEM system 

with EDS mapping capabilities. TEM samples were prepared by dropping a CHCl3 suspension of the 

nanoparticles onto a carbon coated Cu or Ni grid. X-ray Diffraction (XRD) measurements were performed using 

a Rigaku SmartLab powder X-ray diffractometer with a CuKα (λ = 0.154 nm) radiation source set to 40 kV and 

44 mA, and a D/teX Ultra 250 1D silicon strip detector. XRD patterns were acquired using a step size of 0.1 ° at 

2.5 °/min.  
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Results and Discussion 

 

In previous works, our lab has established novel syntheses to copper chalcogenides using didodecyl 

diselenide and didodecyl ditelluride. These syntheses were notable in that the copper chalcogenide products were 

rare metastable phases such as wurtzite-like Cu2-xSe46 and Cu1.5Te39 as well as the first reported colloidal synthesis 

of vulcanite CuTe. The reagents reacted at moderate temperatures for nanocrystal syntheses: didodecyl diselenide 

(155 °C) and didodecyl ditelluride (135 and 155 °C). The low synthetic temperatures may partially explain the 

ability of these reagents to trap the metastable phases and prevent a transformation to more thermodynamically 

stable phases at higher temperatures.  

Control studies indicate that matching the reactivity of the telluride precursor to that of the metal source 

is important, since the tellurium precursor can decompose on its own at elevated temperatures; didodecyl 

ditelluride heated to 135 °C for 1 h yields tellurium metal. In both reported syntheses of Cu1.5Te and CuTe,39 

Cu(acac)2 was employed as a copper source; it was reactive at the moderate synthetic temperatures of 135 and 

155 °C and able to “capture” the Te precursor before decomposition. This result reinforced the hypothesis that in 

order to obtain a desired transition metal telluride, the intervention of a metal precursor with comparable reactivity 

would be needed to form a metal telluride and prevent the decomposition of the didodecyl ditelluride to Te(0). 

Herein, we further the use of didodecyl ditelluride as a useful reagent for the synthesis of a broad range of 

metal tellurides. However, as one ventures farther from Cu on the periodic table, the bond strength and chemistry 

of the metal precursors will change the reaction landscape. Poor reactivity of the metal precursor may prevent the 

formation of metal tellurides. Furthermore, when more than one phase of metal telluride is possible, the reactivity 

of the metal precursor may also influence the resultant phase. For this reason, a comprehensive and systematic 

study of a variety of metal precursors was performed to provide rational, predictable trends. 

 Transition metal tellurides of iron, cobalt, nickel, ruthenium, palladium, and platinum were synthesized 

from various metal precursors of acetylacetonates, chlorides, bromides, iodides, and triflates with didodecyl 

ditelluride. For consistency, a 1:1 molar ratio (i.e. 1 metal atom : 2 tellurium atoms) of the reagents were used in 

dioctyl ether at a constant reaction temperature of 135 °C for 1 h. XRD was used to identify the crystalline 

products (Figures 4.1 & 4.2) and summarized in (Tables 4.1 & 4.2). Metal tellurides were identified for all of 

the metals studied including FeTe2 (Frohbergite), CoTe2 (Cobalt Telluride), NiTe2 (Melonite), RuTe2 (Ruthenium 

Telluride), PdTe (Kotulskite), PdTe2 (Merenskyite) and PtTe2 (Moncheite). Of particular note, these are the first 

reported colloidal syntheses of FeTe2 and RuTe2.  

FeTe2 and RuTe2 have marcasite and pyrite structures, respectively, and were straight forward to identify 

by XRD. In contrast, CoTe2, NiTe2, PdTe2 and PtTe2 all have layered Cd(OH)2 structures which sometimes can 

be challenging to distinguish from the MTe  phases by XRD in nanomaterials. EDS was employed to confirm the 
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MTe2 stoichiometry (ESI); however, because the differentiation between NiTe vs NiTe2 and PdTe vs PdTe2 was 

very clear by XRD, EDS was not deemed necessary for these metal telluride materials.  

It was found that there was a critical dependance of the reaction products on the choice of metal precursor 

(Table 4.1 & Figure 4.1). Among the first-row transition metals (Fe, Co, and Ni), the acetylacetonates and 

chlorides only produced tellurium metal, which indicates these precursors were not reactive enough to produce 

metal tellurides. While NiBr2 did produce a telluride, only the iodides for all three metals consistently provided a 

metal telluride product.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1. Summary of Phases (no ligand) 

Precursor Fe Co Ni Rua Pd Pt 

M(acac)2 Te Te Te Te PdTe PtTe2 

MCl2 Te Te Te Te, RuOCl2 PdTe, PdTe2 PtTe2 

MBr2 Te Te NiTe2 Ru PdTe, PdTe2 PtTe2 

MI2 Fe, FeTe2 CoTe2 NiTe2 RuTe2 PdTe2 PtTe2 

M(OTf)2 Te Te Te ‒ PdTe2 ‒ 
aAll ruthenium precursors utilized were in the +3 oxidation state. The purchased 

“RuCl3” precursor was analyzed by XRD and found to be RuOCl2. 
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The trend in reactivity of the first-row transition metal precursors appears to match hard‒soft acid-base 

(HSAB) theory. Fe(acac)2, Co(acac)2, and Ni(acac)2 as well as FeCl2, CoCl2, and NiCl2 are seemingly the least 

reactive metal precursors due to the hard-hard interactions and strong-orbital-overlapping characteristics of these 

reagents. The inability to react with didodecyl ditelluride caused only decomposition to Te(0) to be observed. 

Contrastingly, metal iodides were expected to be most reactive due to the hard-soft interactions and poor orbital 

overlap. Indeed, these were the reagents that gave tellurium-rich phases of FeTe2, CoTe2 and NiTe2. (FeTe2 was 

particularly prone to oxidation; air-free purification and characterization were needed.) Furthermore, HSAB can 

explain why of the bromides, NiBr2 was the only one to provide a metal telluride. The order of hardness of the 

three metals follows Fe2+ < Co2+ < Ni2+; therefore, hard Ni2+ should have the weakest NiX2 bonds with soft Br ‒. 

However, interestingly, HSAB does not explain the results of the second and third-row metals (vide infra). 

 
 

Figure 4.1. XRD of the products of iron, cobalt and nickel salts with didodecyl ditelluride. ICDD: ǁ Fe: 

#4113931.  ꞎ Magnetite: #159959. * Different polymorph of CoI2 confirmed by EDS. † Amorphous 

octadecylamine (See ESI). Tellurium: #1011098, Frohbergite: #77319, Cobalt Telluride: #625401, 

Melonite: #159382. (For convenience starting metal precursors for every experiment were indicated above 

each corresponding XRD trace.) 
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An alternative hypothesis proposes that the reactivity correlates with the stability of a radical halide, which 

follows Cl • < Br • < I •.47 In general, halides can undergo both one or two-electron chemistry. A good 

demonstration of this phenomenon is the Finkelstein reaction in which the SN2 displacement of a primary alkyl 

halide is replaced with another halide in a two-electron fashion. However, there are reported instances of 

sequential cation-free radical mechanisms where dimeric and rearranged products can occur.48  

To test if one or two-electron chemistry dominates the reactivity of these systems, the products resulting 

from metal halide and triflate precursors were compared. It is known that metal halides and triflates often have 

comparable chemistry, but what distinguished the triflates is that they do not easily undergo one-electron 

chemistry, unlike halides. Triflates are known to be excellent leaving groups in two-electron chemistry such as 

SN1 and SN2 reactions, which follows Cl ‒ < Br ‒ < I ‒ < OTf ‒.49  Metal triflates similarly are considered "super 

Lewis Acids".50 Thus, a comparison of the reactivity of metal halides with metal triflates can provide evidence 

for one or two-electron chemistry.  

The first-row metal triflates of iron, cobalt, and nickel each reacted with didodecyl ditelluride at 135 °C 

for 1 h to compare to the metal halides. Fe(OTf)2, Co(OTf)2, and Ni(OTf)2 were all unreactive with the didodecyl 

ditelluride, and instead only Te metal and polymorphs of the triflate precursors were isolated (identified through 

control reactions without the presence of didodecyl ditelluride. See ESI.) (Table 4.1 & Figure 4.1). Since the 

triflates were very unreactive towards the didodecyl ditelluride, yet the iron, cobalt and nickel(II) iodides and 

nickel(II) bromide were, they must undergo a differing reaction mechanism.  It can be cautiously hypothesized 

that one-electron chemistry dominates this reaction of metal halides with didodecyl ditelluride to form metal 

tellurides.   

The second and third-row metals (Ru, Pd, and Pt) appear to undergo more complex chemistry which 

further indicates that HSAB theory does not adequately explain the observed phases (Table 4.1 & Figure 4.2). 

For example, HSAB theory would predict the weakest metal-ligand bonds for Ru(acac)3 and RuOCl2, and so these 

should be the most reactive, whereas RuI3 was expected to be least reactive due to the soft-soft interaction. 

However, Ru(acac)3 and RuOCl2 did not yield metal tellurides, only Te(0) metal, and RuI3 produced RuTe2. Thus, 

HSAB does not explain the results of the ruthenium precursors. Among the palladium series, all reagents were 

reactive enough to provide a metal telluride phase. Pd(acac)2 gave PdTe, whereas PdI2 yielded the more tellurium-

rich phase PdTe2. PdCl2 and PdBr2 gave mixtures of the two phases, and again, this is contrary to the expected 

reactivity of HSAB where Pd2+ is a soft metal. Similar to the palladium phases, all the platinum precursors 

successfully produced PtTe2. The broad XRD peaks indicate small crystallite sizes due to a burst nucleation event. 

Pt(acac)2 gave the sharpest peaks, suggesting the slowest chemistry of the precursors to yield fewer nuclei 

growing to larger sizes. Once more, the trend in the size of the crystallites of the produced PtTe2 contrasts with 
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HSAB. Furthermore, PtCl2 left a significant amount of starting material, suggesting it was the least reactive of 

the halides, even though it should have the weakest bonds of the halides, because of the hard-soft interaction.  

Efforts were made to synthesize the ruthenium, palladium, and platinum triflates to further probe the 

radical stability hypothesis of these second and third-row metals, however, our numerous endeavors were not 

successful for the ruthenium and platinum metals using triflic acid or silver triflate. However, a procedure adapted 

from literature,45 to synthesize palladium triflate from palladium nitrate and triflic acid was successful; this purple 

material was prone to decomposition even in air-free conditions. Thus, once palladium triflate was synthesized, 

it was immediately subjected into the next reaction with didodecyl ditelluride at 135 °C without further 

purification or characterization. Pd(OTf)2 allowed the formation of PdTe2; in contrast, PdBr2 produced a mixture 

of mostly PdTe and PdTe2, whereas PdI2 produced PdTe2. (Table 4.1 & Figure 4.2). Since the triflate salt did 

react with the didodecyl ditelluride, two electron chemistry must be possible on palladium with this reagent. 

Despite the evidence for two-electron chemistry, the reactivity trends of halides still suggest that HSAB theory is 

a poor predictor of reactivity.  

Trends were very difficult to identify for the ruthenium precursors. To begin with, the speciation of 

ruthenium chlorides is often mislabeled and identified. Indeed, the purchased “RuCl3” was found to be RuOCl2 

(ESI). The only product of the reactions with Ru(acac)3 and RuOCl2 was a very small amount of Te(0) and 

precursor. Raising the reaction temperatures from 135°C to 175 °C and 200 °C, saw only more Te(0) form 

indicating no reaction with the ruthenium salts. 

RuBr3 was found to be properly labeled (ESI), however, interestingly, the product in this case was Ru(0). 

The only other metal salt in this study to provide M(0) was FeI2 which was a minor product compared to FeTe2.  

Control experiments for these two precursors without the tellurium source did not give Ru or Fe metal. A simple 

redox process is possible, yet an examination of reduction potentials shows that the potential of even Te2- is  

insufficient to act as a reductant from Ru3+ or Fe2+ to give their metals (E° Te, Te2- = -1.143 V°, E° Ru3+, Ru2+ = 

0.2487 V°, E° Ru2+, Ru = 0.455 V°,  E° Fe2+, Fe = –0.447 V°).1 Furthermore, it would be expected that the more noble 

Pd and Pt would be more likely to be reduced yet were not. RuBr3 will decompose above 400 °C,54 and perhaps 

the didodecyl ditelluride may be catalyzing this process.  The chemistry of Ru and Pd is particularly complicated, 

and it is possible that both one and two-electron mechanisms are active, especially given that these two metals 

are known to perform varied metal-carbon chemistry.55,56 

In contrast to RuBr3, RuI3 provided RuTe2 as a product, consistent with the other metal iodides studied. It 

is unclear why RuI3 “behaved” while RuBr3 did not, but it is clear that caution and skepticism should be employed 

when using ruthenium halides as reagents.  

It is curious to note that the tellurium rich phases MTe2 were synthesized almost exclusively, even though 

MTe are known for many of these metals. Both FeTe2 and RuTe2 express Te-Te covalent bonds (formally Te2
2-

 



120 

 

units), whereas the Te-Te bonding is through van der Waals interactions in the layered structures of CoTe2, NiTe2, 

PdTe2 and PtTe2. Similarly, we achieved the first colloidal synthesis of CuTe (Vulcanite) nanosheets using 

didodecyl ditelluride, which also features Te-Te van der Waals gaps. It is possible that the proposed one-electron 

decomposition routes of the didodecyl ditelluride reagent on the metal cations facilitates this type of bonding by 

selectively breaking the C-Te bonds of the ditellurides. While intermediates from oxidation addition of 

ditellurides on M(0) complexes have been captured and identified,51,52,53 we are unaware of any captured 

intermediates of reactions of ditellurides onto M(II) and M(III) complexes.  

Nanocrystal syntheses are most often conducted in the presence of long chain ligands, which not only 

provide surface capping to growing crystals, but also are increasingly recognized to their ability to moderate the 

reactivity of the precursors and influence the resultant phases.  For this reason, the formation of metal tellurides 

was repeated in the presence of octadecylamine (Figure 4.1, Figure 4.2 & Table 4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2. Summary of Phases (with Octadecylamine) 

Precursor Fe Co Ni Rua Pd Pt 

M(acac)2 Te Te Te, NiTe2 N/A PdTe PtTe2 

MCl2 Te Te NiTe2 RuOCl2 PdTe PtTe2 

MBr2 Te Te NiTe2 Ru PdTe, PdTe2 PtTe2 

MI2 Te, FeTe2 Te NiTe2 RuTe2 PdTe, PdTe2 PtTe2 
aAll ruthenium precursors utilized were in the +3 oxidation state. The purchased 

“RuCl3” precursor was analyzed by XRD and found to be RuOCl2. 

 



121 

 

The comparisons of the reactions with and without octadecylamine highlight the dangers of broadly 

applying hypothesized mechanisms across metals. For some metals, the presence of the amine does not seem to 

change product phases (Ru, Pt); in others the amine enhanced the reactivity with the didodecyl ditelluride and the 

formation of metal tellurides (Ni), and in others, decreased the formation of tellurium rich metal tellurides (Fe, 

Co, Pd).  

The addition of octadecylamine to the reaction with FeI2 introduced a Te(0) impurity. Similarly, the amine 

with CoI2 prevents CoTe2 from forming with any of the precursors. Of peculiar interest, the ligand helps with the 

formation of NiTe2 for all four metal precursors, not just from NiBr2 and NiI2 this time. The amine also allowed 

NiI2 to produce defined hexagonal platelets (Figure 4.3).  

 
 

Figure 4.2. XRD of the products of ruthenium, palladium, and platinum with didodecyl ditelluride. ICDD: ♥ 

unreacted RuOCl2 - impurity from RuCl3 starting material (See ESI), ♦ RuBr3: #413691, ♣ Ruthenium: #9008513, ♠ 

RuC17H18O3: #4064886, ● Pt3O4: #27836, ■ PtCl2: #28527, Tellurium: #1011098, Ruthenium Telluride: #106001, 

Kotulskite: #648992, Merenskyite: #648995, Moncheite: #105813. 
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Is the reason for the unpredictable behavior of the amine that the metals are less reactive, or that the amine 

speeds the Te decomposition? The situation is complex, but a control experiment indicated that octadecylamine 

neither inhibited nor sped up the decomposition of dodecyl ditelluride. The amine in most cases, will be a stronger 

ligand than the halides, and ligand substitution on the precursor may make precursors more inert or labile, 

depending on their unique d electron counts and coordination geometry.  Each of these metals deserves its own 

independent study to identify the most important factors.  

If one compares the results of the second and third-row metals with and without octadecylamine the results 

are similar, however, exceptions are present in this dataset. One exception is that Ru(acac)3 with the ligand 

provided no crystalline product, and only starting material was recovered. Another is with “RuCl3” where only 

RuOCl2, the oxidized impurity from the starting material, is observed, rather than both Te(0) and RuOCl2. Here 

the presence of the amine prevented the decomposition of didodecyl ditelluride. The second exception is the trend 

of the palladium series. The amine appears to improve and promote the formation of PdTe, over PdTe2, possibly 

by simply slowing down reactivity, or by selectively inhibiting two-electron processes (Table 4.1 vs. Table 4.2) 

that we identified were needed for the formation of PdTe2 from the Pd(OTf)2 experiment.  

No overall trends seem to be present among the transition metals and octadecylamine, and only seem to 

be metal specific. It is interesting that while the metal precursor is kept constant, different phases are observed 

with the amine. These results are a good starting point especially for FeTe2 and RuTe2, as this is the first colloidal 

syntheses for these two materials. However, further investigation of ligand effects must be done to see if any 

shape control can be obtained like with NiI2.  
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Conclusion 

 

 Didodecyl ditelluride was used as a reagent in the synthesis of transition metal tellurides at a moderate 

temperature of 135 °C. FeTe2 (Frohbergite), CoTe2 (Cobalt Telluride), NiTe2 (Melonite), RuTe2 (Ruthenium 

Telluride), PdTe (Kotulskite), PdTe2 (Merenskyite) and PtTe2 (Moncheite) were synthesized. These represent the 

first colloidal syntheses to FeTe2 (Frohbergite) and RuTe2 (Ruthenium Telluride).  

 Through an extensive and systematic study of MX2 (and RuX3) precursors, it was found that the choice 

of the coordinating anion, X-, was instrumental to the success of the reaction. Chosen metal precursors included 

the acetylacetonates, chlorides, bromides, iodides, and triflates of the six aforementioned-transition metals. When 

using such a mild tellurium reagent, with a propensity to form Te(0) side products, it was important for the MX2 

or MX3 salts to have weak bonds.  

Among the first-row transition-metal precursors of Fe, Co, and Ni, only the iodides consistently gave 

metal telluride phases, while others only provided tellurium metal. Originally, HSAB theory was used to explain 

these initial results, but application of the same hypothesis to the second and third-row metals failed. Instead, 

“unsuccessful” reactions with the first-row transition metal triflates, which only undergo two electron chemistry, 

suggest that the reaction to MTe2 undergoes a one-electron mechanistic route. Thus, radical stability was instead 

the better predictor of MX2 reactivity in this reaction over HSAB. The seeming tendency to form MTe2 phases 

 
 

Figure 4.3. Representative TEM images. A-G: Without octadecylamine. A. from FeI2, B. from CoI2, C. 

from NiI2, D. from RuI3, E. Pd(acac)2, F. from PdI2, G. from PtCl2. H-M: With octadecylamine. H. from 

FeI2, I. from NiI2, J. from RuI3, K. from Pd(acac)2, L. from PdI2, M. from PtBr2. 
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rather than MTe phases suggests that possibly this mechanism involves selective breaking of C-Te bonds in 

didodecyl ditelluride.  

Additionally, attempts were made to synthesize metal triflates of the second and third row metals, but only 

Pd(OTf)2 was successful. Reactions with this reagent suggest, in comparison to that of the halides, that a two-

electron mechanism furnishes PdTe2, whereas a one electron route yields PdTe. 

The addition of octadecylamine did not provide consistent reaction patterns across the metals studied. 

Sometimes it promoted the production of the metal telluride, and in others it was a hindrance. While we attempt 

to identify and interpret trends across the late transition metals, the study with added amine gives us pause; each 

metal with its unique electron configuration may require individual consideration outside of its neighbors on the 

periodic table.   

This work is just the tip of the iceberg of what the nanomaterial community truly needs to be able to 

predictably understand how phases form. These types of systematic studies will provide the basis for rational 

approaches to the syntheses of more complex phases and, by extension, sophisticated technological applications 

of those materials that we are currently unable to access or foresee with our current toolset. Mechanistic 

understanding of how phases form will become essential in the future to rationally synthesize materials for more 

elaborate applications.  
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Appendix 2 

Relevant Data for Chapter 4 
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Figure A.4.1. XRD of commercially available Fe(OTf)2, Co(OTf)2, and Ni(OTf)2 in an air-free sample holder 

(black). The corresponding triflates were heated to 135 °C in dioctyl ether for 1 h, mimicking a nanocrystal 

synthesis without the didodecyl ditelluride. Polymorphs of the commercially available starting materials were 

isolated. (green) These polymorph peaks of the Fe(OTf)2, Co(OTf)2, and Ni(OTf)2 can be observed in Figure 4.1. 

 
 

Figure A.4.2. XRD for experiments 

with FeBr2 and FeI2 with (red) and 

without (blue) the presence of 

octadecylamine. Unlike the data 

presented in Figure 4.1, these were 

purified, outside the glovebox in 

ambient conditions. The presence of 

iron oxides was observed if the workup 

was done outside of the glovebox.  

 

ICDD – Magnetite: #159959.  
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Figure A.4.3. XRD patterns referenced 

in Figures 4.1 & 4.2.  

 

ICDD – Fe: #4113931, Magnetite: 

#159959, RuOCl2: #83883, RuBr3: 

#413691, Ruthenium: #9008513, 

RuC17H18O3: #4064886, Pt3O4: #27836, 
PtCl2: #28527. 
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Figure A.4.4. XRD of commercially 

available ruthenium precursors (blue) 

and their corresponding literature 

patterns (black). Commercially 

available Ru(acac)3 and RuBr3 match 

their XRD traces, however, “RuCl3” 

actually was confirmed to be RuOCl2. 

The XRD pattern of RuI3 is not 

known and for convenience the XRD 

of this commercially available 

starting material is presented here. It 

appears to be, at best, nanocrystalline. 

 

ICDD: – Ru(acac)3: #7027948, 

RuOCl2: #83883, and RuBr3: 

#413691. 
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Table A.4.1. Stoichiometry of the nanocrystalline products as 

determined by EDS (no ligand) 

Precursor Co Ru Pt 

M(acac)2 ‒ ‒ PtTe3.14 

MCl2 ‒ ‒ PtTe1.85 

MBr2 ‒ ‒ PtTe1.96 

MI2 CoTe1.96 RuTe2.12 ‒ 

 

Table A.4.2. Stoichiometry of the nanocrystalline products as 

determined by EDS (with Octadecylamine) 

Precursor Pt 

M(acac)2 PtTe2.06 

MCl2 PtTe1.96 

MBr2 PtTe2.00 

MI2 PtTe1.79 

 


