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Abstract 

Efforts have been directed towards the total synthesis of eleutherobin, a natural 

product with promising anticancerous properties. Indeed, Taxol-like activity of 

eleutherobin could provide an interesting alternative to Taxol-resistant cancers. The 

generation of the 10-membered ring has been performed via an exotic Knoevenagel 

condensation and paves the path for a concise, robust and efficient synthesis of the 

marine natural product. 

An additional study describes the synthesis of several inhibitors for the 

production of afucosylated antibodies that will ultimately provide a considerable 

enhancement of their antibody dependent cell-mediated cytotoxicity. Alone or combined 

with toxic payloads (i.e., ADC), these antibodies will contribute to better and cheaper 

immunotherapies for cancer. 

Keywords: total synthesis, natural product, chemotherapy, immunotherapy, cancer,                

eleutherobin 
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Chapter 1.  
 
Introduction 

1.1. Cancer: The Disease of the 21st Century 

1.1.1. Cancer: Facts and Numbers 

Cancer is the second leading cause of death worldwide and incidence of cancer 

continues to increase on an annual basis.1 The increase in cancer diagnosis is partly 

due to increasing life expectancies in the developed world, which accounts for two-

thirds of all cancers.2 Indeed, the median age for cancer diagnosis was 66 in the United 

States in 2018.3 The remaining third of cancers can be directly attributed to lifestyle and 

causes that vary within different communities.2 For example, the pronounced rise of 

bowel cancers has been attributed to increased consumption of red and processed 

meat in certain countries.4 Similarly, the culture of sunbathing has resulted in increased 

risk of melanomas in the United Kingdom.5 Among all cancers, lung cancer continues to 

claim the largest number of lives with almost two million deaths worldwide in 2017. 

Colon (900,000), stomach (860,000), liver (820,000) and breast cancer (610,000) are 

the next most common causes of cancer-related deaths.6 However, the prevalence of 

cancer around the world shows important disparities, and higher-income countries tend 

to see a higher prevalence of disease.7 For instance, 0.4% of the population had cancer 

in Angola in 2017, whereas Canada displays more alarming numbers (4.6%).8 Not 

surprisingly, the Canadian Cancer Society estimates that nearly 1 in 2 Canadians will 

develop cancer in their lifetime and 1 in 4 will die from it.9  

To assess whether progress has been made in battling this disease, three 

parameters must be dissected: the number of deaths, the death rate (the number of 

cancer deaths divided by world population), and the age-standardized death rate. From 

1990 to 2017, the number of cancer deaths increased by 66% worldwide while the 

death rate from cancer increased by 17%. The death rate by age shows that for those 

who are 70 and older, 1% die from cancer every year while the death rate is 40 times 

lower for those younger than 50. To correct for the difference in age profiles over time, 

epidemiologists use the age-standardized death rate that accounts for the changes in 
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age structure of a population. Quite positively, this metric shows a 15% decline in 

cancer deaths worldwide since 1990.8 Not surprisingly, the change in age-standardized 

death rate is more important in developed countries where the progress in cancer 

treatment is higher. For instance, France’s age-standardized death rate decreased by 

25% while Uganda’s rates increased by 2.4%.8 Thus, it is clear that slow but meaningful 

progress has been made toward the treatment of this disease. It is expected that this 

trend will further improve along with continued decreases in smoking rates, and better 

treatments and diagnostics are also expected to further improve survival rates.10 

1.1.2. How to Treat Cancer?  

Intending to eliminate or slow disease progression, research over the last 

several decades has led to the identification of a diverse portfolio of cancer therapies. 

Indeed, the most common treatments are surgery, chemotherapy, radiation therapy, 

hormone therapy, immunotherapy, targeted therapy, and in some specific cases stem-

cell transplant.11 Many diverse factors are taken into consideration in planning the 

treatment regime for each individual and include the type and stage of cancer, the 

patient’s age, and personal preferences. While some cancers can be treated with a 

single therapy or intervention, the majority rely on a combination of approaches. 

Amongst those, neoadjuvant therapy comes before surgery and is critical in cases 

where the tumor is too large to be removed. Neoadjuvant therapies can take the form of 

chemotherapy, radiation therapy, or hormone therapy. Radiation therapy uses focused 

beams of intense energy (X-ray or protons) to kill cancer cells whereas hormone 

therapies either block the production of a specific hormone or interfere with how 

hormones behave in the body and are commonly used to treat prostate and breast 

cancers. Adjuvant therapies are given after surgery to destroy the remaining cancerous 

cells and reduce the risk of relapse. These various cancer treatments can be further 

divided into subclasses that include localized therapy, which aims to target a specific 

region of the body that includes the tumor (e.g., radiation therapy and surgery) and 

systemic therapy, which involves the distribution of small-molecules or monoclonal 

antibodies throughout the bloodstream. Efforts directed towards the identification of 

cancer-specific proteins and receptors, the targeting of which can impart selectivity to 

adjuvant therapies, have increased dramatically and are referred to as targeted 

therapy.12  
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1.2. Chemotherapy  

1.2.1. History 

The concept of “chemotherapy” was first introduced by the German scientist 

Paul Ehrlich who defined chemotherapy as the use of chemicals to treat disease.13 His 

early studies focused on developing animal models to assess the utility of different 

chemicals in treating specific diseases and represent a breakthrough in drug 

discovery.14 Interestingly, while he pursued the use of aniline dyes and alkylating 

agents for the treatment of cancers, his pessimism about the feasibility of discovering a 

chemotherapy for cancer is well documented and his lab’s door had a sign stating: 

“Give up all hope oh ye who enter”.15 

Until the 1960s, cancer was mainly dealt with by surgery and radiation therapy, 

which resulted in poor overall success rates (~ 33%) mostly due to metastasis.15 After 

World War II, research that had focused on the biological effects of war gases revealed 

that many of these agents cross-link DNA and lead to impaired cell division. As a result 

of these studies, nitrogen mustard became a common treatment for lymphomas in the 

United States in 1946.16 Unfortunately, remissions were brief and incomplete, which led 

to negative sentiments surrounding the feasibility of fighting cancer with small 

molecules. However, the discovery of methotrexate in 1948 and its efficiency in treating 

children with leukemia removed any remaining doubts about the power of 

chemotherapy.17 Following these findings, many new anticancer drugs were discovered 

in the 1950s, including the thiopurines (e.g., 6-thioguanine) in 1951 and 5-fluorouracil in 

1958, the latter of which remains the cornerstone of today’s colorectal cancer 

treatment.18,19 

In 1963, the discovery of the plant alkaloids vinblastine and vincristine from 

Vinca rosea provided a breakthrough for leukemia treatment.20 Using these alkaloids, 

the rate of remission increased from 25% to 60% and natural product-based cancer 

therapeutics attracted considerable attention.15 In 1971, the passage of the National 

Cancer Act in the United States launched a “war on cancer”21 that led to the discovery 

and development of numerous chemotherapies over the following decades. Investment 

in cancer research in the United States increased from $9 million in 1972 to $119 



4 

million in 1980.15 Among the many drugs discovered during this era, paclitaxel was 

reported in 1972 and approved by the FDA in 1993.22 

1.2.2. An Arsenal of Weapons 

Even though cancer therapies have improved tremendously over the past 70 

years, many cancers still have low survival rates or do not respond well to current front-

line therapies. Most notable among difficult-to-treat cancers are liver cancer, pancreatic 

cancer, and some forms of brain cancer.23 Moreover, long-term treatment side-effects 

are a burden for patients and can cause the appearance of a second cancer. Drug 

resistance also represents an important concern in cancer therapy and a major barrier 

to improving survival for patients. Thus, access to a broad range of treatments is critical 

to coping with this delicate situation. Given that DNA replication, transcription, and 

protein synthesis are the major pillars of cellular growth and division, many 

chemotherapeutics target these processes. Similarly, RNA, enzymes, and other 

proteins represent compelling targets for anticancer drug development. Below, several 

classes of chemotherapeutics used for the treatment of cancers are described. 

A key class of chemotherapeutics are the angiogenesis inhibitors.24 As tumors 

grow and metastasize, they require a large supply of nutrients. Ultimately, tumor growth 

relies on the development of its own blood supply. Angiogenesis inhibitors reduce the 

production of pro-angiogenic factors that help with vascularization and therefore block 

vascularization of the tumor microenvironment. A commonly used angiogenesis 

inhibitor is axitinib (1), marketed as Inlyta® by Pfizer for kidney cancer (Figure 1.1). 

 

 
Figure 1.1. Molecular structure of axitinib (1) 



5 

A second important class of chemotherapeutics are DNA intercalators.25 Here, 

insertion of the drug between DNA base pairs impacts the length and helical twist of a 

DNA strand. Interactions with DNA-associated proteins are then disturbed by the 

conformational changes to the DNA strand leading to inhibition of replication. For 

instance, doxorubicin (2), marketed as Adriamycin® by Pfizer is used to treat breast 

cancer, bladder cancer, lymphoma, leukemia, and Kaposi’s sarcoma (Figure 1.2). 

 
Figure 1.2. Molecular structure of doxorubicin (2) 

DNA synthesis inhibitors aim to block DNA production by preventing folic acid 

use.26 It is well-established that nucleobases and amino acids are crucial building 

blocks in the de novo synthesis of DNA. Similarly, folate polyglutamates are essential in 

the de novo synthesis of nucleobases and amino acids by acting as monocarbon 

donors. The inhibition of dihydrofolate reductase leads to thymidine biosynthesis 

blockage. Amethopterin (3), marketed as Methotrexate® by Pfizer acts as a folic acid 

antagonist for breast cancer, leukemia, lung cancer, lymphoma and osteosarcoma 

(Figure 1.3). 

 
Figure 1.3. Molecular structure of amethopterin (3) 

Transcription regulators represent a powerful class of chemotherapeutics27 as 

tumors often require an elevated level of transcription for survival and to maintain 

uncontrolled growth. By disrupting transcription factors (TF), cancer cells are more 

susceptible to apoptosis.28 Palbociclib (4), marketed as Ibrance® by Pfizer for the 
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treatment of breast cancer is an inhibitor of the cyclin-dependent kinases CDK4 and 

CDK6 (Figure 1.4). 

 
Figure 1.4. Molecular structure of palbociclib (4) 

Numerous additional enzymes are crucial for tumor growth and selective 

inhibitors of these enzymes provide important weapons in cancer chemotherapy.29 For 

example, a high level of estrogen is beneficial to breast cancer proliferation by 

increasing mutations and/or affecting DNA repair pathway. It has been shown that the 

inhibition of estrogen synthetase results in a dose-dependent decrease in the level of 

estrogen. In breast cancer, where estrogen synthetase is abundant, inhibitors of this 

enzyme have proven to be effective treatments. For example, the estrogen synthetase 

inhibitor formestane (5), marketed as Lentaron® is commonly used to treat breast 

cancer (Figure 1.5). 

 
Figure 1.5. Molecular structure of formestane (5) 

Targeting cancer-specific gene regulation has also led to an important class of 

chemotherapeutics.30 For example, histone deacetylases (HDACs) are overexpressed 

in many cancers and inhibit the expression of tumor suppressor genes. Inhibitors of 

these HDACs have now become front-line anticancer agents. Vorinostat (6) has been 

commercialized under the name of Zolinza® by Merck for the inhibition of HDACs in 

lymphomas (Figure 1.6). 
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Figure 1.6. Molecular structure of vorinostat (6) 

Finally, microtubule targeting agents (MTAs) also represent an important class 

of cancer drugs.31 By binding to microtubules, these agents interfere with mitotic spindle 

formation thus leading to the inhibition of mitosis and early apoptosis. Paclitaxel (7) 

belongs to this class of cancer drugs and is sold under the brand name Taxol® by 

Bristol-Myers Squibb and used for the treatment of several cancers including lung, 

breast and ovarian (Figure 1.7).  

 
Figure 1.7. Molecular structure of the MTA paclitaxel (7) 

1.3. Immunotherapy  

The immune system is composed of white cells, organs and lymph tissues 

whose purpose is to “detect and destroy” foreign bodies that can include bacteria and 

viruses. Although the immune system is also effective at detecting and destroying 

abnormal cells, some tumors develop complex strategies to evade detection. For 

example, cancer cells can undergo genetic changes or display specific proteins on their 

surface that turn the immune system off or alter the behavior of healthy cells in their 

vicinity to confuse the immune system. 

1.3.1. History 

The concept of immunotherapy can be traced back to China’s Qin dynasty 

around the 3rd century. Here, the use of variola inoculation was explored to prevent 

smallpox.32 Many centuries later, the Father of Immunotherapy, William B. Coley, 
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clarified the concept and became the first surgeon to harness the immune system for 

treating cancer in 1891. Remarkably, Coley noticed that several patients with cancer 

had a spontaneous remission after developing an erysipelas bacterial infection. From 

there, he performed several inoculations of live and inactivated mixtures of 

Streptococcus pyogenes and Serratia marcescens into the patient’s tumors. Quite 

remarkably, a durable remission was observed in patients suffering from sarcomas, 

lymphomas and testicular carcinomas.33 Unfortunately, the prospect of infecting a 

patient to treat cancer was not well received by the scientific community. Consequently, 

surgery and radiation therapy remained the standard course of treatment for several 

decades.34 Similar strategies did not resurface until 1976 when BCG (Bacillus Calmette-

Guerin) was used to treat bladder cancer.35 

In 1957, the theory of cancer immunosurveillance provided a path for the use of 

immunotherapy in oncology.36 Indeed, Thomas and Burnet proposed that lymphocytes 

played a crucial role in the identification and elimination of mutated cells.37 A further key 

advance occurred in 1976 when the T-cell growth factor interleukin 2 (IL-2) was 

discovered, and in vitro culture of T-cells became accessible. Injection of a high dosage 

of IL-2 to cancer patients appeared to be very effective.38 In 1991, the FDA approved 

the first immunotherapeutic treatment for metastatic kidney cancer. In the 1970s, the 

production of monoclonal antibodies by Milstein and Kohler also led to the development 

of rituximab that was approved in 1997 for the treatment of non-Hodgkin’s 

lymphomas.39 The development of vaccines for cancer offers many advantages over 

chemotherapeutics and in 2010 sipuleucel-T became the first FDA-approved vaccine 

for castration-resistant prostate cancer.40  

1.3.2. Classes of Immunotherapeutics 

Immunotherapies are divided into five distinct categories. The first involves the 

injection of immune checkpoint inhibitors with an aim to eliminate the normal barriers 

established by a patient’s immune system and allow an above-normal immune 

response.41 Natural immune cells are then able to overload cancerous cells with 

effector cells. Pembrolizumab, also known as Keytruda and marketed by Merck, is used 

to treat several indications such as lung and neck cancer via this mechanism.  
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Another important class of immunotherapy relies on T-cell transfer.42 Here, a 

tumor biopsy allows for a thorough analysis of the most effective immune cells. Then, a 

patient’s T-cells are genetically engineered with a chimeric antigen receptor (CAR) to 

recognize and target a specific protein on the cancer cells. These CAR T-cells are 

grown and multiplied before being injected into the patient’s bloodstream. Depending on 

the half-life of the engineered T-cells, regular injections are necessary. In 2017, 

tisagenlecleucel sold under the brand name Kymriah became the first FDA-approved 

treatment that included a gene therapy step in the United States. Similarly, vaccine 

technology is gaining recognition as a method to boost patients’ immune systems. 

Here, cancer-specific antigens are selected and encoded into cassettes to create a 

personalized vaccine that triggers the formation of cancer-specific B-cells, T-cells and 

antibodies.43  

Immune system modulators also represent a valuable class of cancer 

treatments and function by enhancing the body’s immune system response through 

specific cytokine release.44 For instance, interleukins (IL) and interferons (IF) boost and 

trigger the activation of white cells and slow abnormal cell growth.45 Likewise, 

hematopoietic growth factors reduce chemotherapy side effects by promoting the 

growth of damaged blood cells. 46 For example, erythropoietin increases the production 

of red blood cells,47 IL-11 the production of platelets48 and GM-CSF (Granulocyte-

macrophage colony-stimulating factor) the count of white blood cells.49 Interleukin 2, 

also known as Aldesleukin, was the first FDA approved cytokine for the treatment of 

metastatic renal cancers and melanomas.50 

Finally, monoclonal antibodies (mAbs) constitute the last class of 

immunotherapy and will be thoroughly discussed in Chapter 3. Although all checkpoint 

inhibitors are also monoclonal antibodies and have been discussed above, this last 

category gathers all mAbs as a whole. Indeed, antibodies possess several functions 

such as blocking vital molecules to reach cancer cells, flagging cancer cells for natural 

killers and delivering harmful substances to cancer cells (e.g., antibody-drug-conjugates 

(ADCs). Antibodies are proteins that can be designed to identify and bind to specific 

cellular targets. Their binding triggers a cascade of events that leads to the destruction 

of the targeted cells. The effectiveness of this approach relies on several factors, one of 

which involves the interaction between the antibody fragment crystallizable (Fc) region 

and its corresponding receptors on the effector cells. This interaction can be modulated 
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by alterations to the N-glycan present on the antibody Fc region and thus lead to more 

effective therapies. For instance, trastuzumab known as Herceptin® and 

commercialized by Roche is a very effective treatment in patients suffering from breast 

cancer.  

1.4. At the Border of Immunotherapy/Chemotherapy 

1.4.1. Natural Products as Drug Leads 

 With advances discussed above, medical intervention for the treatment of 

cancer is at its zenith. However, not long ago, the probability of surviving cancer or 

indeed many other common illnesses was low. Adaptation to disease relied on 

individuals taking advantage of their surroundings. The first record of a sophisticated 

medicine system dates from 2600 BCE at which time roughly 1000 plants were 

commonly used as medicine in Mesopotamia.51 Similarly, Egyptians, Chinese, Greeks, 

Romans, Arabs, and many other civilizations have long used plants for medicinal 

purposes.52 Not surprisingly, those plant-based systems still play a significant role in 

society. Indeed, according to the WHO, about 65% of the world population relied on 

plant-based medicine in the 2000s for their primary healthcare.53  

With the advent of the self-contained underwater breathing apparatus (SCUBA), 

the world’s oceans have become a second major source of natural medicines. Indeed, 

more than 250,000 species have been described from our oceans, many of which 

produce secondary metabolites that have proven to be a rich source of drug leads.54 

Among these are several cytotoxins that have found a prominent role in cancer 

treatment such as bryostatin-1 (8) and salinosporamide A (9) (Figure 1.8).55 Similarly, 

the serendipitous discovery of penicillin from a microorganism in 1928 prompted 

intensive investigation of various sources such as fungi and bacteria as a source of 

structurally-innovant bioactive agents.56 These later efforts have led to the discovery of 

numerous antibacterial agents including the cephalosporins, as well as 

immunosuppressive agents, cholesterol-lowering agents, and antiparasitic drugs such 

as ivermectin.57 



11 

 
Figure 1.8. Example of natural products displaying anticancer activity 

A recent summary of new chemical entities (NCEs) introduced into clinical use 

from 1981 to 2010 reveals that 54 % of the 1355 NCEs introduced during that time 

frame were derived from natural products or designed based on a natural product 

pharmacophore.58 However, natural product-based discovery was largely 

deemphasized in the 1990s by the pharmaceutical industry due to the development of 

new laboratory techniques. Indeed, the widespread use of high-throughput screening 

(HTS) against defined molecular targets prompted many companies to move from 

natural product libraries to more “screen-friendly” synthetic libraries.59 The advent of 

combinatorial chemistry offered the prospect of rapidly synthesizing simple and more 

drug-like libraries of wide chemical diversities.60 Additionally, slow and steady 

abandonment of infectious disease programs, a traditional area of strength for natural 

products, further emphasized this phenomenon.61  

The number of newly discovered natural products has continued to increase 

from relatively few compounds per year in the 1940s to an average of ~1600 per year 

over the last two decades. More specifically, the rate of increase of newly reported 

compounds was the greatest from the 1970s through the mid-1990s (i.e., almost 

doubling every decade) and is believed to be triggered by a general enthusiasm fueled 

by the success of antibiotics discovery programs combined with the advent of improved 

instrumentation techniques such as NMR spectroscopy, mass spectroscopy and HPLC 

that contributed to rapid isolation and characterization. Although major pharmaceutical 

companies have largely exited the field of natural product discovery, the number of 

newly reported natural products remains steady and can be explained by the increasing 

globalization of natural product research in emergent countries (e.g., China, Brazil, 
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India).62 However, the raw number of newly discovered natural products does not 

provide any information regarding the structural novelty of these compounds. The 

Linington group recently published an article in which they calculated and compared the 

Tanimoto similarity scores (i.e., algorithm that gives a number comprised between 0 

and 1 that represents the percentage of chemical structure similarities in a given pair of 

molecules) between all molecule pairs of a dataset comprising all microbial and marine-

derived natural products reported between 1941 and 2015.62 Their work showed that 

the median Tanimoto scores rapidly increased from the 1950s (~0.3) to the 1980s 

(~0.6) where it finally reached a plateau (~0.65). These results might suggest that the 

natural products space has been largely described and that newly discovered natural 

products are likely to be derivatives of known molecules. However, numerous 

molecules in this dataset are unique with unprecedented structural and/or functional 

attributes which led the Linington group to also evaluate the distribution of molecules 

with low Tanimoto scores (T < 0.4). This analysis showed that the number of 

discovered molecules with low similarities remained high (i.e., ~300 in 1990) and has 

been consistent since the origins of this field. However, the number of structurally 

unique compounds represents a decreasing percentage of the total number of 

compounds isolated from natural sources, suggesting that a high percentage of newly 

discovered entities constitute derivative structures (Figure 1.9). While rediscovery has 

tempered enthusiasm in natural products, it is also well appreciated that subtle 

structural changes can have dramatic effects on compound potency. Thus, the 

discovery of new active natural products within a known structural subclass can still be 

profitable as long as they possess unique attributes from a biological standpoint. 

Additionally, many diseases such as HIV, cancers, and other infectious diseases are 

yet to be cured despite generating numerous libraries of synthetic compounds. As 

Danishefsky stated in 2002, “a small collection of smart compounds may be more 

valuable than a much larger hodgepodge collection mindlessly assembled”.63 The 

complexity and molecular diversity of natural products coupled with their highly 

selective and specific biological activities continue to make them essential to drug 

discovery. 
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Figure 1.9. Examining structural diversity62 
Note: Examining structural diversity. Number of compounds published per year and rate of novel 
compound isolation as a percentage of total natural product isolation. This graph was adapted 
from ref. 62 with permission. 

1.4.2. Antibody-Drug Conjugates 

Antibody-drug conjugates (ADCs) are an emerging class of anticancer treatment 

agents that combine the selectivity of targeted therapy with the potency of 

chemotherapy.64 While the chemotherapy era that started in the 1940s offered new 

approaches to treat cancer, the use of chemotherapeutics is often complicated by 

factors such as high toxicity, narrow therapeutic window, and drug resistance. The 

emergence of monoclonal antibodies (mAbs) in the 1970s, provided a new avenue for 

cancer therapy. To date, around 30 mAbs have been approved by the FDA for this 

purpose.65 

ADCs are made from three defined parts: an antibody, a linker, and a cytotoxin 

(Figure 1.10).66 Once a protein target (antigen) is selected, it is then necessary to 

design the corresponding monoclonal antibody that will bind to the antigen. This target 

should be specific to non-healthy cells or at minima, be largely overexpressed by tumor 

cells. Furthermore, the target must have an extracellular epitope capable of internalizing 

the cytotoxin through a specific binding with the antibody.66 The second essential piece 

is the active ingredient attached to the linker. Those toxins usually have a very low IC50 

(sub-nanomolar range in cell culture) and target tubulin or DNA. The high potency of 

these compounds is essential as only a small portion of the drug will be internalized. 
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Among other key determinant factors, the molecular structure of the drug must allow for 

conjugation with the third piece of the ADC: the linker. The main role of the linker is to 

connect the cytotoxic payload to the monoclonal antibody and maintain this conjugate in 

a stable state. Usually, linkers are labile in the intracellular environment and undergo 

enzymatic cleavage and release of the cytotoxic payload once the ADC is internalized.  

 
Figure 1.10. Antibody-drug conjugate (ADC) 

Even though ADCs have been under investigation for decades, the first 

treatment to be approved by the FDA and the European Medicines Agencies (EMA) 

was brentuximab vedotin in 2011 (MTA: monomethyl auristatin E (MMAE) (10)). This 

was made possible thanks to significant advances in the development of linker 

technologies. After the first approval in 2011, a second ADC called ado-trastuzumab 

emtansine (ATE) was approved by the FDA and the EMA in 2013. ATE binds to HER2 

receptors that are overexpressed in metastatic breast cancer and consequently release 

a microtubule targeting agent (MTA) known as mertansine (11) (Figure 1.11). After that, 

three more ADCs approvals occurred in 2017 and 2019. Currently, more than 100 

ADCs are in various stages of clinical development for treating solid tumors or 

hematological malignant diseases.67 With the clinical benefits that ADCs bring to 

patients (e.g., better therapeutic window, reduction of non-specific toxicities and 

overcoming drug resistance), these numbers are expected to grow over time. 



15 

 
Figure 1.11. Structure of MMAE (10) and mertansine (11) 

1.5. Thesis Overview 

The primary focus of the research described in this thesis is the synthesis of 

biologically active compounds that directly or indirectly target cancerous cells. 

Specifically, this thesis describes efforts to i) synthesize a natural product with 

anticancer properties (direct) to enable further testing in animals and ii) synthesize 

small molecules that improve the production of antibodies designed for treating cancer 

(indirect). 

Chapter 2 describes the total synthesis of eleutherobin (12), a natural product 

with potentially useful anticancer activity (Figure 1.12). Eleutherobin (12) was originally 

extracted from an Australian soft coral (Eleutherobia sp.) in 199768 and reported as a 

microtubule targeting agent (MTA). Preliminary biological testing identified eleutherobin 

to be a potent microtubule-stabilizing cytotoxin (IC50 = 10 nM).69 Unfortunately, the lack 

of natural material hampered further development. To support the evaluation of 

eleutherobin (12) as a cancer therapy, a reliable and scalable method of production is 

required, which will ultimately rely on the development of a short and efficient synthesis. 

While two total syntheses70,71 and one formal synthesis72 of eleutherobin have been 

reported, their overall length and low yield have complicated their use for eleutherobin 

production. A concise synthesis of eleutherobin (12) would also engender access to 

structural analogs that may further improve its biological properties. 
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Figure 1.12. Molecular structure of eleutherobin (12)  

Several strategies for the synthesis of the main core of eleutherobin (12) have 

been investigated and are described. Previous work in the Britton group successfully 

constructed valuable tetralone intermediates on a multi-gram scale via an 

unprecedented palladium-catalyzed α-arylation reaction/Friedel-Crafts cyclization 

strategy.73 The first approach described in Chapter 2 represents a continuation of 

previous efforts directed towards the formation of the large (10-membered) ring by a 

fragmentation approach. The second part of Chapter 2 presents a new strategy in 

which the 10-membered ring is constructed through the addition of a vinyl anion onto an 

unsaturated lactone. The final part of Chapter 2 describes our ultimately successful 

efforts directed towards ring formation by an exotic Knoevenagel condensation reaction. 

Chapter 3 describes the synthesis of inhibitors of fucosyltransferase that may be 

useful for the production of afucosylated antibodies, which have proven to be more 

effective as cancer therapeutics. Here, the endocyclic oxygen of the carbohydrate 

fucose is replaced with a methylene group, forming carbafucose 13 (Figure 1.13). When 

added to feedstock used in antibody production, carbafucose 13 caused a 70% 

decrease in fucosylated antibodies. In addition, several analogs of carbafucose were 

prepared to assess their effect on antibody fucosylation. 

 
Figure 1.13. Molecular structure of carbafucose (13)  
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Chapter 2.  
 
Eleutherobin 

2.1. Introduction  

2.1.1. Microtubules: Important Target for Cancer Therapy 

Microtubules (MTs) ─ key components of the cytoskeleton ─ are protein 

polymers that play an essential role in various cellular processes of eukaryote cells 

including cell signaling, intracellular transport (e.g., mitochondria and other 

components), and maintenance of cell shape and cell division (i.e., meiosis, mitosis).74 

Microtubules are comprised of polymerized α- and β-tubulin heterodimers that are 

rigorously arranged into protofilaments (several µm long). The minus-end of 

microtubules is characterized by a layer of α-tubulin whereas the opposite end includes 

a terminal layer of β-tubulin subunits and is called the plus-end. MTs are highly dynamic 

polymers that are synthesized via a mechanism similar to crystal growth involving a 

nucleation phase that involves the spontaneous formation of a stable aggregate of 

tubulins monomers known as the nucleus. Next, an elongation phase is promoted 

through the reversible addition of heterodimers onto the preformed nucleus.75 To 

display a broad range of functional diversity, differentiation of microtubules is also 

required. For instance, tubulin isotypes (i.e., 6 α-tubulin and 7 β-tubulin in humans) and 

post-translational modifications (e.g., phosphorylation, glycosylation) can have profound 

effects on stability and rate of formation, thus modulating their intrinsic functions within 

the cell.76 Similarly, microtubule-associated proteins (MAPs) play a significant role in 

defining the role of microtubules. Indeed, MAPs can foster specific interactions between 

the protofilaments and intracellular proteins that ultimately confer specific activities in 

various biological processes.77  

The biological function of MTs is determined and regulated in large part by their 

polymerization dynamics.78 The most common dynamic behavior is known as “dynamic 

instability” and describes the process in which individual microtubules switch randomly 

between slow-growing and rapid-shrinking cycles via transition phases.79 The presence- 

or absence- of a GTP cap (i.e., tubulin-GTP) on tubulin at the plus-end stabilizes- or 
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destabilizes- the microtubule, thus promoting growth or shrinkage accordingly.80 The 

association/dissociation rate can be altered by the presence of specific regulatory 

proteins or drugs that impact polymerization dynamics and consequently, microtubule 

function.81 When the dynamics of tubulin polymerization switch from growth to 

shrinkage the situation is referred to as a “catastrophe”, while the reverse is termed a 

“rescue”. The second major dynamic behavior is referred to as treadmilling and 

describes the process in which one end of the microtubule is lengthening while the 

other is shrinking.82 This behavior is caused by a difference in tubulin subunit 

concentration (α- and β- tubulins) between the microtubule extremities thus triggering 

the migration of tubulins from one end to the other preserving the overall polymer mass 

balance. Notably, both dynamic instability and treadmilling behaviors do not conflict but 

take place simultaneously. 

The visualization of mitotic-spindle microtubules has emphasized the 

importance of rapid microtubule dynamics for successful mitosis by allowing for a broad 

reorganization of the entire microtubule network.83–85 For instance, microtubules are 

responsible for chromosome attachment at the kinetochore during prometaphase 

(Figure 2.1a), their alignment during metaphase (i.e., congression) (Figure 2.1b), as 

well as their separation in anaphase and telophase (Figure 2.1c/d). The non-attachment 

of a single chromosome to the spindle is sufficient to prevent cell division. This feature 

is of particular interest for the treatment of cancer, where disruption of cell-regulatory 

mechanisms leads to uncontrolled growth. By carefully monitoring their density, healthy 

cells can regulate their own growth rate. Indeed, once the maximum density threshold is 

reached (determined by growth factors), normal cells automatically become quiescent 

and unable to further proliferate by entering their resting state (i.e., G0). In contrast, 

mutated cells rarely respond to this regulated mechanism, and thus grow frenetically 

and attain high-cell densities.86 Considering these disparities in cell growth (i.e., normal 

vs cancer cells), mitosis inhibition is considered one of the most efficient strategies to 

slow or stop the spread of cancer. For instance, when human osteosarcoma cells are 

incubated with 10 nM paclitaxel (Figure 2.1e) and 50 nM of vinflunine (Figure 2.1f), two 

compounds that disrupt microtubule dynamics, the mitotic process is impacted.87 

Indeed, in both cases the chromosomes remain at the spindle pole consequently 

triggering programmed cell death (i.e., apoptosis). These cells were imaged by confocal 
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microscopy and published in Nature Reviews by Mary Ann Jordan and Leslie Wilson in 

2004. 

 
Figure 2.1. Human osteosarcoma cells in different stages of the mitosis87 
Note: Microtubules are shown in red, chromosomes in blue, and kinetochores in green. a) At 
prometaphase, the nuclear envelope has broken down, chromosomes are condensed. b) In 
early metaphase, chromosomes have congressed to the equator to form the metaphase plate. c) 
In anaphase, the duplicated chormosomes have separated and are moving towards the spindle 
poles. d) In telophase, the separated chromosomes have reached the spindle poles. e) In the 
presence of 10 nM paclitaxel, some chromosomes remain at the spindle poles and have not 
congressed to the metaphase plate. f) Similarly, in the presence of 50 nM vinflunine some 
chromosomes remain at the spindle poles. This graph was adapted from ref. 87 with permission. 

MTAs are separated into two different subclasses: microtubule-stabilizing 

agents (MTSAs) and microtubule-destabilizing agents (MTDAs). Microtubule-

destabilizing agents inhibit the polymerization of tubulin and consequently disturb the 

dynamic behavior of the microtubules.88 Among them, vinblastine (14), vinflunine (15) 

belonging to the Vinca alkaloids family but also, eribulin (16), colchicine (17), 

combretastatin (18), and some other members have been discovered (Figure 2.2a). 

Microtubule-stabilizing agents such as paclitaxel (7), epothilones (A-(19), B(20)) 

discodermolide (21), and some others promote microtubule polymerization (Figure 

2.2b).88 Notably, the differentiation between stabilizing and destabilizing agents does 
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not impact their mechanism of action. Indeed, it has been shown that, at lower 

concentrations, microtubule dynamics are suppressed without affecting the polymer 

mass, meaning that the sole disruption of microtubule spindle dynamic blocks the 

mitosis.87  
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Figure 2.2. Examples of MTDAs and  MTSAs 

Presently, three MTA binding sites have been discovered and are all located on 

β-tubulin subunits as depicted in Figure 2.3 published in Nature Reviews by Mary Ann 

Jordan and Leslie Wilson in 2004. The drugs falling in the “Vinca binding-domain”89 bind 
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to both soluble tubulin and microtubules rapidly and reversibly. Only one or two 

molecules per microtubules are sufficient to reduce the MT’s dynamic behavior 

(treadmilling and dynamic instability) by 50%.87 The “paclitaxel” binding site is located 

on the inside surface of the microtubule. This site has accurately been determined with 

an electron crystal structure of a tubulin/paclitaxel complex. It is also believed that 

passive diffusion through the microtubule lattice enables paclitaxel-like drugs to reach 

the internal surface of the polymer.90 Finally, the “colchicine domain” is found on soluble 

tubulin.91 Binding to this domain induces conformation change that inhibits the 

dynamics of tubulin polymerization, thus ultimately leading to apoptosis. 

 
Figure 2.3. Antimitotic drugs binding sites on microtubules87 
Note: a) Vinblastine molecules are bound to high-affinity sites at the microtubules plus end 
suffice. b) Colchicine forms complexes with tubulin dimers and copolymerizes into the 
microtubules lattice. c) Paclitaxel binds along the interior surface of the microtubule. These 
different binding-types lead to a similar outcome: suppression of microtubule dynamics. This 
graph was adapted from ref. 87 with permission. 

Although cancer therapies involving MTAs have proven effective for decades, 

numerous questions regarding their mechanism of action, cancer sensitivity and 

susceptibility to resistance mechanisms remain unanswered. For instance, epothilone A 

(19) is highly effective against breast cancer and non-Hodgkin’s lymphoma but 

ineffective against numerous tumors such as colorectal, melanoma and ovarian 

cancer.92 Similarly, Vinca alkaloids are a very potent class of therapeutics used in the 

treatment of hematological cancers but are mostly ineffective against solid tumors.87 

These limitations emphasize the need to gain additional insights into the characteristics 
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of individual tubulin-targeting antimitotic drugs to ultimately inform the development of 

better cancer therapies. For instance, it is now well understood that a class of 

membrane transporter proteins (MTPs) called ABC-transporters is associated with the 

failure to respond to MTAs. Amongst these MTPs, P-glycoprotein (P-gp)93 serves to 

decrease intracellular drug concentrations through constant excretion into the 

extracellular matrix thus leading to cross-resistance (multidrug resistance (MDR)).87,94 

Unfortunately, there are currently no FDA-approved P-gp inhibitors though this 

approach is under intense investigation.95–97 Several other pathways can also lead to 

multi-drug resistance, including cancer’s ability to manipulate microtubules’ behavior. 

For example, the activity of the MTAs paclitaxel and vincristine can be diminished 

based on the predominant tubulin’s isotype in specific cancer tissues.98,99  

Despite the clear potential for MDR, microtubule-targeting agents have proven 

to be highly effective for the treatment of different types of cancers.100 However, by 

virtue of their mechanism of action, these drugs also have toxic effects on healthy cells 

with the most common side-effects being neurological and hematological.94 For 

example, peripheral neuropathy is a common side-effect and is characterized by 

weakness, numbness and pain most commonly in hands and feet. This is thought to 

come from the damage to the nerves outside of the brain or the spinal cord. When 

using Vinca alkaloids and taxanes, cranial neuropathy may also be observed in 

patients, which in turn causes different symptoms such as vocal cord dysfunction or jaw 

pain.101 From a hematological standpoint, myelosuppression is a very serious side-

effect of MTAs leading to decreases in the production of essential cells such as 

leukocytes, erythrocytes, and thrombocytes, which respectively results in 

immunosuppression, hypoxia and hemophilia. It is not a coincidence that hematopoietic 

and brain cells are more susceptible to being targeted by MTAs given that they are 

rapidly dividing.94 
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2.1.2. Eleutherobin 

 

Figure 2.4. Structure of eleutherobin (12) 

In 1997, Fenical and coworkers isolated a new diterpene glycoside from the soft 

coral Eleutherobia sp. collected off the coast of Western Australia and named it 

eleutherobin (12) (Figure 2.4).68 Eleutherobin’s structure and relative stereochemistry 

were elucidated through intense investigations involving 1D and 2D NMR spectroscopic 

experiments whereas its absolute chemistry was proven a couple of years later with the 

achievement of the first total synthesis.68,70 Eleutherobin (12) belongs to a class of 

oxygenated cembranoid natural products named sarcodictyins (23), that arise from a 

C2-C11 cyclization and C5-C8 oxidation of cembranes (22) (Scheme 2.1).102,103 This 

sarcodictyin family is comprised of the valvidones104, sarcodictyins105 and 

eleuthosides,106 that of which possess a bicyclo[8.4.0]tetradecane carbocyclic skeleton 

as a common structural characteristic. Eleutherobin differs by the presence of a 2-

acetylarabinose glycoside side chain at C15. Although a few members of the 

sarcodictyin family have been discovered, their promising biological profiles have 

attracted significant enthusiasm from the scientific community. 

 

Scheme 2.1. Proposed biological structure formation of sarcodictyins 
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When eleutherobin was assayed for biological activities, significant cytotoxic 

effects were observed including the inhibition of the proliferation of different cancer cells 

such as breast, ovarian, renal and lung cancer cells (IC50 ~ 10 nM).107 Lindel et al. 

compared eleutherobin and paclitaxel activities in colon carcinoma (i.e., HCT116) and 

ovarian (i.e., A2780) cell lines. Additionally, both compounds were evaluated in MDR 

cell lines overexpressing P-glycoprotein (i.e., HCT116(VM46)) and cell lines containing 

mutated tubulins (i.e., A2780/Tax22).107 Although eleutherobin was slightly less potent 

in HCT116 and A2780 cell lines, the cross-resistance effect of HCT116(VM46) and 

A2780/Tax22 were lower for eleutherobin compared to paclitaxel (e.g., 52 vs 117 and 

4.3 vs 13.4). These findings indicate that eleutherobin could be a promising alternative 

for patients who developed resistance to paclitaxel (Table 2.1). Further evaluation of the 

inhibition mechanism revealed that eleutherobin binds and stabilizes microtubules. 

Interestingly, a competitive assay with labeled [3H]paclitaxel demonstrated that 

eleutherobin and paclitaxel shared a common binding domain on microtubules, thus 

disrupting microtubule dynamic behaviors further leading to cell death. 

Table 2.1. In vitro cytotoxicity (IC50) of eleutherobin and paclitaxel107 
  Cytotoxic IC50 (nM)a   

compound HCT116 HCT116(VM46) A2780 A2780/Tax22 

eleutherobin 10.7 554 (52)b 13.7 59 (4.3)b 

paclitaxel 4.6 537 (117)b 6.7 90 (13.4)b 
Note: a Cytotoxicity was determined after 72-h exposure. b value in parentheses is fold resistance relative to 
corresponding parental cell line. 

Unfortunately, only small quantities of eleutherobin are available from natural 

sources and 5.3 kg of freshly collected specimens of E. caribaeroum (wet) were 

required to provide only 2 mg of eleutherobin (i.e., 0.000038% extraction yield).108 

Attempts in large-scale aquaculture of this coral failed to provide eleutherobin 

demonstrated that the natural living habitat of this coral has a tremendous impact on the 

biosynthesis of eleutherobin. Although intensive efforts have been directed towards 

eleutherobin structural modifications (e.g., hydrogenation, epoxidation, oxidation and 

protection), the amount of material provided by natural sources was not sufficient to 

support a thorough SAR study (e.g., glycoside and ester modifications) and in vivo 

testing.109 To further assess the potential of eleutherobin as a chemotherapeutic agent 

and to develop a thorough screening of different substituent at the carbohydrate 
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domain, the development of a robust, concise and scalable total synthesis was deemed 

essential. 

2.1.3. Previous Published Syntheses 

Nicolaou’s Total Synthesis of Eleutherobin 

The first total synthesis of eleutherobin was reported in 1997 by Nicolaou and 

used (+)-carvone (24) as a cheap and commercially available starting material.70,110 

This terpenoid possesses one stereocenter bearing an isopropyl group allowing for 

enantioselective synthesis of eleutherobin (12). A series of well-established reactions 

generated intermediate 25 in 9 steps, which allowed for installation of the different 

functionalities required for the macrocyclization. Aldehyde 25 was converted to terminal 

alkyne 26 via 1,2 addition of ethyl vinyl ether followed by Grignard addition of the 

terminal alkyne. After a series of deprotection/oxidation steps, secondary aldehyde 27 
was generated, providing a useful precursor for the functionalization of the second 

sidechain. With an aim to synthesize a 3-carbon chain aldehyde, a Knoevenagel 

condensation was performed in presence of ethyl cyanoacetate to provide 28. Further 

reduction with DiBAlH provided allylic alcohol 29 that was in turn glycosylated with the 

arabinose moiety 30 to yield the advanced intermediate 31. To perform the 

macrocyclization, alkyne 31 spontaneously reacted with α,β-unsaturated aldehyde 

under basic conditions. A subsequent sequence of oxidation/deprotection steps 

afforded macrocycle 32. Selective hydrogenation of alkyne 32 in presence of Lindlar 

catalyst offered its corresponding alkene that spontaneously cyclized to form the cyclic 

hemiketal 33 that was further protected into methyl ketal 34. Finally, esterification of the 

secondary alcohol with N-methylurocanic anhydride 35 followed by TBS deprotection 

with TBAF provided eleutherobin (12) (Scheme 2.2). 

Nicolaou’s synthesis not only provided a synthetic route to eleutherobin (12) but 

also confirmed the absolute stereochemistry and relative stereochemistry between the 

carbohydrate and the terpenoid domain. Overall, the synthesis required 28 steps with a 

yield of less than 1%, which renders the production of sufficient amounts of 

eleutherobin (12) to support further biological testing challenging. 
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Scheme 2.2. Nicolaou’s total synthesis of eleutherobin (12) 

Danishefsky’s Total Synthesis of Eleutherobin 

In 1999, Danishefsky reported a second total synthesis of eleutherobin71,111,112 

that started with (α)-phellandrene (36). Similar to (+)-carvone, this monoterpene has 

one defined stereocenter bearing an isopropyl group and is accessible as a single 

enantiomer. To build aldehyde 37, a sequence of 4 reactions was performed including 
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an [2+2] addition of an in situ generated ketene, followed by cyclobutanone 

functionalization and fragmentation. Next, 2,5-dibromofuran was lithiated 38 and 

reacted with aldehyde 37 to yield the corresponding alcohol that was further protected 

with a TBDPS group to deliver 39. At this stage, a one-carbon homologation was 

performed via a 4-step sequence involving a nitrile addition (i.e., nucleophilic 

substitution) followed by a subsequent reduction that provided aldehyde 40, a precursor 

for the macrocyclization. The Nozaki-Hiyama-Kishi (HNK) coupling between the 2-

bromofuran moiety and the aldehyde offered the corresponding alcohol which was 

further protected with pivalate while the TBDPS group was removed to generate 41. 

The presence of the free hydroxyl group was crucial to achieving clean oxidation of the 

furan using DMDO in acetone. These conditions yielded hydroxypyranone 42 in a very 

good yield (94%). Subsequent protection of the acetal function before methyl addition 

on the carbonyl was essential to deliver 43 with a good yield (i.e., 86% vs 42%). Next, 

methyl acetal 44 was synthesized in a one-pot process. After a series of protecting 

group manipulations and oxidation steps, ketone 45 was reached. This ketone was 

anticipated to provide the required unsaturation via the formation of enol triflate 46, 

which was further coupled with the corresponding tin-arabinose derivative 47 via a Stille 

coupling to yield 48. Finally, TBS deprotection, esterification with methylurocanic acid 

(49) and ultimate arabinose deprotection led to eleutherobin (12). This synthesis 

provided 60 mg of eleutherobin in 25 linear steps with an overall yield of less than 1%. 

Outstandingly, this work relies on several key steps such as the use of a ketene [2+2] 

reaction to install C1-C10 stereochemistry, an NHK coupling for the macrocyclization, 

and a modified Stille coupling to install the arabinose moiety (Scheme 2.3). 
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Scheme 2.3. Danishefsky’s total synthesis of eleutherobin (12) 
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Gennari’s Formal Synthesis of Eleutherobin 

In 2005, Gennari and coworkers developed a third approach for the synthesis of 

eleutherobin.72 Their strategy relied on a ring-closing-metathesis reaction (RCM) to lead 

to Danishefsky intermediate 42. To commence their synthesis, (+)-carvone (24) was 

transformed via a 6-step sequence into aldehyde 50. To provide diene 56, two 

sequential Hafner-Duthaler oxyallylation reactions were performed.113 The first reaction 

was performed in the presence of titanium complex (S,S)-51 and provided 52 as a 

single diastereoisomer in 73% yield. After a series of well-established reactions (i.e., 

deprotection, oxidation, SN2 reaction, reduction), homologated aldehyde 54 underwent 

a second Hafner-Duthaler oxyallylation with titanium complex (R,R)-55 to generate 56 

as a single diastereoisomer. To evaluate the key step of the synthesis, the Piv-

protected version of 56 was subjected to RCM conditions. More specifically, treatment 

with Grubb’s second-generation catalyst 57 led to the kinetically favored (E)-58 

macrocycle. Subsequent PMP removal and allylic oxidation provided (E)-dione 59 that 

was further isomerized into the thermodynamically more stable isomer (Z)-60 in 

presence of iodine. The presence of water after column chromatography led to the 

formation of bis-hemiacetal 61. Finally, MOM deprotection delivered enone 42 that 

displayed a set of data that was in full agreement with that previously reported by 

Danishefsky.71 This intermediate could be transformed to eleutherobin (12) in 10 

additional steps. Overall, Gennari’s synthesis of intermediate 42 was achieved in 20 

steps with an overall yield of 4% (Scheme 2.4). 
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Scheme 2.4. Gennari’s formal synthesis of eleutherobin (12) 
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2.1.4. Structure-Activity-Relationship (SAR) 

Despite intensive efforts applied to the total synthesis of eleutherobin (12), the 

number of steps required and overall low yields have hampered additional biological 

testing. Nonetheless, preliminary investigations have provided access to several 

synthetic analogs, which combined with the modifications performed on eleutherobin 

extracted from natural sources, have provided impressive insights regarding the 

relationship between structure and antimitotic properties.109 From these studies, four 

key regions of the molecule can be discerned where structural modifications have 

proven particularly insightful (Figure 2.5). First, modifications to the A-ring indicated that 

reactions occurring on the α-face that force the C11 methyl to the top face are more 

tolerated than those on the β-face (e.g., epoxidation: IC50 30 vs IC50 300). The addition 

of a hydroxyl group on the β-face (IC50 >2000) emphasizes this phenomenon by 

displaying a >100-fold decrease in activity compared to eleutherobin.109 Unfortunately, 

too few compounds with A-ring modifications have been studied to draw any additional 

conclusions about the importance of this region to eleutherobin’s antimitotic activity. In 

contrast, peripheral modifications have been investigated more closely (i.e., N-urocanic 

ester, carbohydrate, and ketal domains).108,109,114–117 Interestingly, ketal substitutions 

showed little to no effects on eleutherobin’s activity.108,109,115 Here, regardless of the “R” 

group, a similar potency was displayed. Regarding C8 modifications (i.e., urocanic 

ester), modifications have a much more significant impact. While isomerization of C2’-

C3’ alkene results in a compound with similar biological activity, reduction of the double 

bond leads to an inactive compound (i.e., IC50 ~ 20,000 nM).108,109 Similarly, the 

presence of the two nitrogen in the imidazole ring is essential. Indeed, the replacement 

of one with oxygen or sulfur led to a decrease (i.e., IC50 ~ 300 nM) or complete loss 

(i.e., IC50 > 2000 nM) of activity.115 With respect to the carbohydrate domain, several 

interesting observations were made. First and foremost, both methyl and hydroxyl 

substitution of C15 led to a near loss of activity.117 On the contrary, using the β-L-

arabinopyranose or methyl ester only resulted in a 5 to 10-fold decrease in activity, 

demonstrating that this domain can be modified without observing a deleterious loss of 

activity.114 Additionally, while aglycons (e.g., esters) retain microtubule-stabilizing 

properties, the sugar group is crucial for activity in paclitaxel-sensitive- and paclitaxel-

resistant cell-lines.114 These limited examples emphasize the importance of further SAR 

studies to better understand the eleutherobin pharmacophore required to support the 



33 

development of improved analogs. For instance, the first eleutherobin’s X-ray structure 

generated by Andersen largely contributed to refinements of the microtubule-stabilizing 

pharmacophore models.118  

 
Figure 2.5. Structural modifications and biological effect of eleutherobin 

analogues (IC50 value) 

2.1.5. Objectives 

Despite possessing potentially useful biological activity, eleutherobin’s 

development has stalled due to the lack of material. While several groups have tried to 

address this problem, none of the published total syntheses have provided a 

sustainable synthesis of the natural product or an improved analog. To assess the 

potential of eleutherobin as cancer chemotherapy, several questions regarding its 

toxicity, metabolic stability, mechanism of resistance, as well as its role on the 

conformation of microtubules, remain unanswered. Therefore, our primary objective 

was to develop a concise, efficient and scalable synthesis that would allow us to 
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synthesize grams of this antimitotic agent. It was expected that this would also support 

the production of analogs designed to better understand eleutherobin SAR.  

2.2. Previous Approaches in the Britton Group 

Dr. Jeffrey Mowat, who joined the Britton group in 2006, was the first to take on 

the eleutherobin challenge. At the time, the 10-membered macrocycle was envisaged to 

be made from the fragmentation of a tricyclic intermediate. Following this key step, D-

arabinose and urocanic ester could easily be installed to generate eleutherobin (12). 

The fragmentation would involve a retro-aldol or retro-Mannich reaction that would 

result in the formation of the 10-membered ring 62 after subsequent deprotection of the 

ketone and spontaneous ketal formation. Notably, the precursor to the fragmentation 

would require two characteristics: a heteroatom at the C8 position and a functional 

methylene at the C3 position as shown in 63. It was imagined that this could be 

achieved via epoxidation of the tetrasubstituted alkene in 64 followed by opening with a 

heteroatom. The tertiary alcohol 64 would be obtained from the corresponding ketone 

65 via a diastereoselective methyl addition, and the ketone itself would be accessed 

through an oxidative dearomatization reaction using hypervalent iodine and tetralone 66 

(Scheme 2.5) 
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Scheme 2.5. Dr. Mowat’s retrosynthetic approach for eleuterobin (12) 

Impressively, Dr. Mowat developed an efficient new process for the synthesis of 

α-tetralones. Through the investigation of several strategies including electrocyclization, 

Pd-catalyzed ring expansion of cyclobutanols, and ketene [2+2] additions, he was 

successful in accessing a wide range of α-tetralones. As depicted in Scheme 2.6, [2+2] 

addition of the ketene generated in situ from trichloroacetylchloride in the presence of 

zinc led to the formation of dichlorocyclobutanone 67 in very good yield. Then, 

dechlorination offered the required cyclobutanone 68, a necessary precursor for the 

tetralone synthesis. Palladium-catalyzed coupling of aryl bromide 69 and cyclobutanone 

68 in the presence of lithium tert-butoxide was investigated. Unfortunately, the first 

attempt using the conditions developed by Colacot and coworkers ((DtBPF)PdCl2, 

KOtBu, Toluene, 110 °C) only led to a poor 15% yield of the α-aryl cyclobutanone 70.119 

While a change in temperature and solvent did not improve the outcome of this 

reaction, replacing KOtBu with LiOtBu provided the desired product 70 in high yield. 

The subsequent Haller-Bauer fragmentation offered carboxylic acid 71 in very good 

yield.120 Finally, intramolecular Friedel-Crafts reaction on the corresponding acyl 

chloride followed by the TBS deprotection provided phenol 66 in a short (6 steps) and 

efficient sequence (40%) (Scheme 2.6). 
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Scheme 2.6. Synthesis of tetralone 66 via α-arylation/ring expansion 

sequence 

Building on these results, Dr. Stanley Chang (2009) focused on making the 

desired intermediate for the retro-aldol/Mannich reaction. A brief summary of his efforts 

is depicted in Scheme 2.7. Thus, oxidative dearomatization of phenol 66 in presence of 

[bis(trifluoroacetoxy)iodo]benzene (PIFA) and ethane-1,2-diol offered diene dione 65 in 

good yield. Subsequent methyl addition proved challenging. Optimally, using methyl 

lithium, a diastereoisomeric ratio of 2:3 (64:72) disfavoring the desired tertiary alcohol 

64 was formed. With tertiary alcohol 64 in hand, carbamate 73 formation was performed 

using trichloroacetyl isocyanate that subsequently underwent an aza-Michael addition 

under basic conditions to afford cyclic carbamate 74. Unfortunately, the inability to 

functionalize C3 prevented further evaluation of the feasibility of the fragmentation 

strategy for the ring expansion. 
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Scheme 2.7. Most advanced Dr. Chang’ s synthetic approach  

Dr. Michael Holmes (2011) planned for functionalization of C3 through a late-

stage Tamao-Kumada-Fleming oxidation of the C-Si bond 76 prior to performing the 

fragmentation. Concerning the C8 position, it was believed that a hydroxyl group could 

be easily added via oxidation of the α-carbonyl position (e.g., Davis oxaziridine). It was 

anticipated that dione 77 could be synthesized via radical cyclization of quinone 78 after 

cleavage of the C-Br bond. As used in the previous strategies, dearomatization of the 

phenol 66 followed by a series of reduction, protection and oxidation steps was thought 

to provide quinone 78 (Scheme 2.8). 
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Scheme 2.8. Dr. Michael Holmes’ retrosynthetic approach  

Unfortunately, while access to the silane 79 was realized, functionalization of the 

C8 position proved challenging (Scheme 2.9). Notably, under no conditions investigated 

was oxidation or deprotonation α- to the ketone function possible. However, while 

efforts to functionalize the silafuran 79 proved fruitless, the installation of the C3-C15 

bond was viewed as a significant advance. 

 
Scheme 2.9. α-hydroxylation of enone 79 

Dr. Ren (2017) first repeated Dr. Holmes’ work to generate a sufficient amount 

of 79. Dr. Ren commenced the synthesis with the preparation of alcohol 82, accessible 

through reduction of the corresponding tetralone 81. Further protection of 82 using 

bromomethyl dimethylsilyl chloride yielded intermediate 83. Phenol deprotection 

followed by oxidative dearomatization delivered dienone 85 in decent yield. With AIBN, 

in situ formation of methide radical spontaneously delivered pentacyclic product 79 in 

good yield (Scheme 2.10).  

javascript:
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Scheme 2.10. Synthetic route towards precursor 79 

With compound 79 in hand, Dr. Ren attempted the C8-functionalization via 

deprotonation with several bases. For instance, submitting enone 79 to cesium 

carbonate in the presence of oxygen left starting material completely unreacted.121 The 

use of NaHMDS followed by the addition of Davis oxaziridine led to immediate 

decomposition of enone 79. Unfortunately, employing milder bases promoted a similar 

outcome or did not deprotonate C8 at all (e.g., Cs2CO3, KOtBu). Finally, a Rubottom 

oxidation was attempted but failed to provide the corresponding vinyl silyl ether. Dr. Ren 

speculated that removal of the C8 proton was particularly difficult given that the 

tetrasubstituted enol formation was unfavorable due to the molecule conformation (i.e., 

too hindered). To assess deprotonation itself, Dr. Ren attempted to replace the proton 

at C8 with a deuterium atom (Scheme 2.11). Enone 79 was treated separately with 

several bases in THF but none of them were able to deprotonate the C8 proton (e.g., 

NaHMDS, LiHMDS, LDA) forcing Dr. Ren to abandon this strategy. 
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Scheme 2.11. Installation of deuterium at C8 

2.3. Initial Proposal: Ring Expansion 

2.3.1. Tetralone Oxidative Dearomatisation 

Our retrosynthetic analysis was based on the results of Dr. Holmes. Thus, 

esterification and glycosylation were envisioned to represent late-stage functional steps 

and efforts were directed towards the formation of the sarcodictyin core. To access the 

large ring in eleutherobin (12), the fragmentation of smaller rings (e.g., fused 

cyclohexanes) through retro-aldol, retro-Mannich, or Grob fragmentation processes was 

planned. Diketone 87 would provide a useful intermediate accessible via oxidative 

dearomatization and subsequent modifications of tetralone 81. Further disconnection 

would lead to cyclobutanone 68, which could be subjected to the established α-arylation 

process for the formation of tetralone.73 As previously reported,71 cyclobutanone can be 

traced back to R-(-)-phellandrene (36), cheap and commercially available monoterpene 

(Scheme 2.12).  
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Scheme 2.12. Initial retrosynthetic strategy  

As noted above, three distinct methods were considered for the ring expansion: 

a retro-aldol, a retro-Mannich and a Grob fragmentation. A retro-aldol reaction involves 

the reaction of a β-hydroxyl ketone 89 to yield two carbonyl moieties 87 and 88 (e.g., 

ketones or aldehydes). Reaction conditions (e.g., acid, basic, temperature, solvent) 

dramatically affect the equilibrium leading to a mixture of aldol or retro-aldol adducts 

(Scheme 2.13a). In contrast, a retro-Mannich reaction only differs by the nature of the 

reagents involve (i.e., iminium vs ketone). Indeed, a β-amino ketone 92 is consumed to 

yield an amine 90 and two carbonyls 87 and 91 (Scheme 2.13b). Finally, developed by 

the British scientist Cyril A. Grob, the Grob reaction is described as a “fragmentation of 

a 1,3-diheterofunctionalised compound featuring a nucleophilic atom and a leaving 

group situated in a 1,3-relationship”.122 The nucleofugal fragment takes the form of a 

good leaving group such as OMs, OTs, halogen or trialkyl amine (Scheme 2.13c).  
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Scheme 2.13. (retro)-aldol, (retro)-Mannich and Grob reactions 

The first objective consisted in repeating the synthesis of tetralone 65 developed 

by the previous Ph.D. students: Dr. Mowat, Dr. Chang and Dr. Holmes. Cyclobutanone 

68 was previously synthesized by Danishefsky et al. in 2 steps with an overall yield of 

56%.71 A yield improvement (i.e., 76%) was observed when dichloroketone 67 was 

directly submitted to dehalogenation without purification. As previously reported, α-

arylation of cyclobutanone 68 was performed via palladium catalysis in the presence of 

lithium tert-butoxide. The lithium counterion is crucial in this sequence to promote a 

reversible self-aldol reaction that slowly releases the required enolate without suffering 

a high percentage of side-products.73 Since product 70 is silica-sensitive, the crude was 

immediately taken in a mixture of tert-butanol and water in the presence of potassium 

tert-butoxide to promote the Haller-Bauer fragmentation which generated carboxylic 

acid 71 in good yield. Subsequent acylation of 71 followed by an intramolecular Friedel-

Crafts cyclization yielded tetralone 81. Finally, a sequence of TBS deprotection followed 

by subsequent oxidative dearomatization allowed for the formation of dienone 65. This 

was made possible through the electrophilic enhancement of the carbon bearing the 

methoxy group by coordination of the hydroxyl moiety to PIFA (i.e., hypervalent iodine) 

that implicitly facilitated the attack of ethylene glycol (i.e., nucleophile) (Scheme 2.14). 
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Scheme 2.14. Synthesis of dienedione 65 

With dienone 65 in hand, improvement of the methyl addition was deemed 

necessary. Indeed, preliminary work offered a 2:1 diastereoisomeric ratio (d.r.) in favor 

of the undesired isomer 88 and did not provide an adequate amount of material for 

further assessment of the key step (i.e., fragmentation). Changes in the nature of 

nucleophiles, temperature, additives, and solvents were thought to have a significant 

impact on diastereoselectivity. Table 2.2 highlights the impact of changing these 

parameters on the outcome of the reaction. First, Dr. Chang’s conditions were repeated 

using methyl lithium in THF to reaffirm the observed poor diastereoisomeric ratio (entry 

1). Keeping methyl lithium as the methyl source, switching from THF to toluene slightly 

improved the ratio (entry 2). In contrast, the use of hexane favored the wrong 

diastereoisomer 88 (entry 3). Independent of solvent nature, an increase in reaction 

temperature to 0 °C resulted in a 1:1 d.r. (entries 4, 5). Unfortunately, none of the 

employed Lewis acids led to a considerable improvement of d.r. (entries 6, 7). 

Switching from methyl lithium to methyl magnesium chloride had an unfavorable impact 

on the d.r. (entries 8). Increasing the size of the halogen counter ion (e.g., 
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methylmagnesium iodide) had a tremendous impact on the outcome of the reaction 

varying on the solvent of choice. Indeed, although the d.r. ratio in THF (entry 9) was 

similar to Dr. Chang’s, the use of toluene and DCM dramatically impacted the ratio to 

offer desired product 60 as the major isomer (i.e., d.r. 3:2) (entries 10, 11). 

Unfortunately, further screening of Lewis acids did not further improve the d.r. (entries 

12, 13). 

Table 2.2. Methyl addition on tetralone 65 

  
entry nucleophile T (°C) additives solvent  ratio (64:94)a 

1 MeLi (Et2O) -78 °C - THF 2:3 

2 MeLi (Et2O) -78 °C - Toluene 2.4:3 

3 MeLi (Et2O) -78 °C - hexane 1.5:3 

4 MeLi (Et2O) 0 °C - THF 2.7:3 

5 MeLi (Et2O) 0 °C - Toluene 2.8:3 

6 MeLi (Et2O) -78 °C ZnCl2 Toluene 2.6:3 

7 MeLi (Et2O) -78 °C CeCl3 Toluene 2.4:3 

8 MeMgCl (Et2O) -78 °C - THF 1.5:3 

9 MeMgI (Et2O) -78 °C - THF 1.5:3 

10 MeMgI (Et2O) -78 °C - Toluene 3:1.9 

11 MeMgI (Et2O) -78 °C - DCM 3:1.9 

12 MeMgI (Et2O) -78 °C CeCl3 Toluene 3:2.3 

13 MeMgI (Et2O) -78 °C MgBr2 Toluene 3:2.1 
Note: a d.r. determined by 1H NMR (integration of signals) 

Although the ratio of diastereoisomers was significantly improved, the combined 

72% yield of the mixture of isomers (i.e., 64 + 94) did not fulfill our expectations in 

providing a sufficient amount of material to advance. As an alternative strategy, tertiary 

alcohol 95 was envisioned to be selectively delivered via dearomatization of tetralone 

96 using water as nucleophile (Scheme 2.15). Indeed, previous screening led us to 

believe that the top face of the anthracene core was less hindered which had resulted in 

the unfavorable ratio of products. By slightly modifying the substrate, we anticipated 

that the sequence should deliver 95 in a selective, short, and efficient manner. 
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Scheme 2.15. Retrosynthetic modification  

With a view to adopting this strategy, aryl bromide 99 was synthesized in two 

steps from methyl bromoaniline 97 via 98 in a very efficient manner (i.e., 67% over 2 

steps). Using the same strategy as depicted before (i.e., Scheme 2.14), tetralone 96 

was synthesized from cyclobutanone 68 in good yield (31% over 4 steps). Notably, 

phenol deprotection spontaneously takes place in situ during the Friedel-Crafts 

cyclization process, which offered tetralone 96 in a shorter number of steps. 

Subsequent oxidative dearomatization with PIFA led to rapid decomposition 

presumably due to the acidic nature of the iodine reagent. To overcome this challenge, 

a milder alternative (i.e., (diacetoxyiodo)benzene (BAIB)) was used that smoothly 

delivered isomer 95 in good yield (Scheme 2.16). 

 
Scheme 2.16. Oxidative dearomatization alternative 

In contemplating a concise synthesis of the bicyclo[8.4.0]tetradecane core of 

eleutherobin (12) from alcohol 95, we first envisaged the addition of a nucleophilic 

heteroatom (i.e., alcohol or amine) to the C8 position via Michael addition to either 

synthesize retro-aldol 100 or retro-Mannich 101 precursors (Scheme 2.17). 
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Scheme 2.17. Potential precursors for the ring expansion 

Unfortunately, none of these precursors were successfully prepared, mainly 

leaving starting material unreacted. Here, we speculated that the disubstituted enone 

was not sufficiently reactive whereas the more reactive tetrasubstituted dienone was 

too hindered to be engaged in Michael addition processes. To tackle this problem, we 

believed that tethering the tertiary alcohol via a linker (e.g., acetal 102, boronic ester 

103, or carbamate 104) would enable intramolecular delivery of an O/N-nucleophile 

(Figure 2.6). As a matter of fact, a similar carbamate was reported by Dr. Chang but 

subsequent failure to functionalize C3 hampered its use as a retro-Mannich precursor 

for the key fragmentation. 

 
Figure 2.6. Possible intramolecular oxo/aza-Michael addition 

The use of a model was believed to be insightful in determining the optimal 

conditions for the intramolecular Michael addition. First, methyl addition was performed 

on benzoquinone 105 thus providing dienone 106 in excellent yield (95%). Delightedly, 

the three selected strategies (i.e., cyclic carbamate, acetal, and boronic ester synthesis) 

were successful and delivered the corresponding adducts 107, 108 and 109 (Scheme 

2.18). 
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Scheme 2.18. Intramolecular Michael additions on model 106 

Delighted with the success of the model studies, these conditions were 

translated to substrate 95. Unfortunately, efforts directed towards the intramolecular 

oxo-Michael addition using several aldehydes (i.e., 110, 111, 112, 113) proved to be 

fruitless. Indeed, diketone 95 did not appear stable under basic conditions and quickly 

decomposed. In contrast, protected ketone 64 was stable under basic conditions but did 

not lead to any of the desired products (i.e., 114, 115, 116, 117). Although the reactions 

were heated for extended periods of time, starting material remained unreacted. Similar 

results were observed while attempting boronic ester formation (i.e., 118, 119) (Figure 

2.7).  

 
Figure 2.7. Attempts in intramolecular Michael additions 

With attempts to form of oxo-Michael adducts leading to an impasse, we 

decided to repeat Dr. Chang’s work to further assess the retro-Mannich strategy. The 

nucleophilic addition of tertiary alcohol 64 on trichloroacetyl isocyanate provided the 

corresponding carbamate that spontaneously reacted on the tetrasubstituted enone 
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while being purified to provide cyclic carbamate 74. Further benzyl protection followed 

by ketal deprotection delivered γ-hydroxyl-α,β unsaturated ketone 120 in good yield 

(Scheme 2.19). Pursuing Dr. Chang’s efforts, electrophilic additions at C3 were 

investigated. Dr. Chang previously demonstrated that the use of formaldehyde as 

electrophile led to the formation of numerous side-products via rearrangements. We 

believed that using iodomethyl pivaloate would address this issue and provide a stable 

product 121 lacking a free alcohol that would undergo such rearrangements. 

Submission to inorganic bases (e.g., potassium and cesium carbonate) in several 

solvents (e.g., THF and MeCN) left starting material unreacted. Similarly, no reactions 

occur when using stronger bases (e.g., NaH, LiHMDS and KHMDS). 

 
Scheme 2.19. C3-functionnalization of 120 

As a result of this failure and in addition to the lack of reactivity observed 

amongst all the intramolecular substrates tested, we were forced to abandon the 

oxidative dearomatization strategy. 

2.3.2. Birch Alkylation of Tetralone 

The Birch alkylation was anticipated to not only provide an efficient alternative to 

the dearomatization of the tetralone but also provide a highly functionalized product at 

the C3 position. The use of ammonia, high pressured apparatus and metal makes the 

Birch alkylation a very challenging reaction. The first two retrosynthetic disconnections 

remained the same (i.e., glycosylation and esterification). However, Birch alkylation of 
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tetralone 124 was anticipated to deliver cyclohexa-1,4-diene 123 while incorporating an 

electrophile at C3. After a series of epoxidation/elimination steps, precursor 122 would 

be generated and would provide an excellent intermediate for the assessment of the 

retro-aldol ring expansion (Scheme 2.20). 

 
Scheme 2.20. New retrosynthesic approach involving a Birch reaction 

To generate the required precursor, methylation of previously synthesized 

phenol 96 was performed and yielded the corresponding anisole 124 in good yield. 

Surprisingly, Birch reduction of 8-methoxy-1-tetralone has not been reported. Toward 

this goal, we employed the most common Birch reaction conditions (i.e., Li (s), t-BuOH, 

NH3 (g), THF). After 10 minutes, monitoring of the reaction (by TLC analysis) showed the 

appearance of a new product as well as the complete disappearance of starting 

material 124. Further 1H NMR spectroscopic analysis of the crude reaction mixture 

indicated two new protons as well as a general shielding effect on numerous protons of 

the molecule. In-depth spectroscopic analysis confirmed the formation of 126 leaving 

the aromatic moiety intact. This preliminary result cast some doubt on the use of Birch 

conditions onto 8-methoxy-1-tetralone (Scheme 2.21).  
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Scheme 2.21. Birch reaction on 124 with lithium 

A recent review of developments in the Birch reduction of aromatic compounds 

by Mander et al.123 showed that potassium was the metal of choice for the Birch 

reduction of tetralones.123 Application of these conditions on 2-methoxyacetophenone 

127 provided the desired diene 128 in excellent yield (Scheme 2.22). 

 
Scheme 2.22. Attempt on reported phenylketone 127 

Delighted with the outcome of the reaction on the model, we translated the 

same set of conditions to tetralone 124 with the aim of generating diene 155. 

Disappointedly, the total reduction of ketone 126 was the only product of the reaction 

(Scheme 2.23). 

 
Scheme 2.23. Birch reaction on 124 with potassium 

Convinced that the position of the methoxy group was the reason for failure, we 

envisaged tackling this problem by synthesizing a regioisomer analog 129. Moreover, 

we believed that commercially available 5-methoxy-1-tetralone 130 would constitute a 

reliable model system to evaluate our new strategy (Figure 2.8).  
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Figure 2.8. Tetralone 129 and the corresponding model 130 

The investigation commenced with the Birch alkylation of 130 in presence of 

potassium metal, ammonia and lithium bromide in THF (Table 2.3). Further treatment of 

the reaction mixture with methyl iodide delivered 131 in good yield (entry 1). Based on 

this result, we elected to screen different electrophiles to examine the scope of potential 

products. Although the yields were significantly lower, several useful products were 

isolated without further optimization such as the primary alcohol 137 (entry 7), its 

corresponding Piv-protected analog 138 (entry 8), benzyl 136 (entry 6), and silyl 132 

(entry 2). 

Table 2.3. Birch alkylation on model 130 

 
entry electrophile -E conversiona yieldb 

1 MeI -Me 100% 62% 

2 ICH2Si(Me)2Ph -CH2Si(Me)2Ph 12% 10% 

3 BOMCl -BOM 5% 2% 

4 MOMCl -MOM 8% 5% 

5 CH3CHO -CH(OH)CH3 100% 0% 

6 BnBr -Bn 20% 15% 

7 (CH2O)n -CH2OH 25% 20% 

8 ICH2OPiv -CH2OPiv 61% 47% 
Note: a conversion after 30 minutes b yield determined by 1H NMR (internal standard) 

A summary of the synthesized alkylated products is depicted below (Figure 2.9). 

Notably, primary alcohol 137, Piv-protected alcohol 138 and silane 132 are potential 

precursors for further glycosylation at C15. 
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Figure 2.9. Birch alkylated products (131, 132, 136, 137, and 138) 

From this study, the methyl adduct 131 proved to be the most stable and was 

selected to carry out the next steps of the synthesis. Compound 139 was designed as 

the target to assess the ring expansion via retro-aldol reaction (Figure 2.10). 

 
Figure 2.10. Targeted precursor 139 for ring expansion assessment 

Regioselective epoxidation of vinyl ether 131 led to tetrasubstituted epoxide 

140, which required careful handling to prevent decomposition. During the isolation, the 

use of sodium sulfite followed by slow evaporation of methanol and extraction delivered 

methoxy epoxide 140, which was directly opened under acidic conditions to provide 

diketone 141. Here again, the choice of work-up was essential, and we found that the 

use of a pH 7 buffer was necessary to generate diketone 141 in decent yield. Product 

141 possesses the required functionalities at C9 and C10 for the key step. A second 

epoxidation was performed to install the requisite oxygen at C8. Spontaneous 

elimination of the epoxide 142 during the purification process on silica gel provided 

enone 143 in good yield. To complete the synthesis of 139, methyl addition to the 

enone carbonyl provided triol 144 as a single diastereoisomer. From there, oxidation of 

the secondary alcohol was necessary to generate the first target 139. Unfortunately, 

selective oxidation with manganese dioxide did not provide the desired product. Dess-

Martin oxidation led to rapid decomposition of alcohol 144 most likely due to the slight 

acidity of the reagent. We were pleased to find then that the Ley oxidation with 

tetrapropylammonium perruthenate (TPAP) and N-methyl morpholine N-oxide (NMO) 

offered diol 139 in good yield (Scheme 2.24).  
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Scheme 2.24. Synthesis of retro-aldol precursor 139 

With the retro-aldol precursor 139 in hand, we commenced our investigation on 

the ring expansion. We envisioned that deprotonation of tertiary alcohol (at C9) would 

trigger the C9-C10 bond fragmentation to generate 145 pushing the equilibrium towards 

the formation of the locked hemiketal 146 (Scheme 2.25). Amongst all attempted 

conditions (i.e., KOtBu, NaOH, K2CO3, LiOtBu, CeCl3), only sodium hydride was able to 

convert diketone 139 into new products. 

 
Scheme 2.25. Ring expansion expected mechanism 

Within 5 minutes of reaction with NaH, TLC analysis of the reaction mixture 

indicated that diketone 139 was consumed and two new products had been formed. 

When the reaction mixture was stirred for an additional hour, the “major” product 

disappeared and the “minor” product became more prominent. Unfortunately, analysis 

of various NMR spectra (i.e., 13C, HMBC, HSQC) showed that diketone 139 underwent 

an unexpected C8-C9 bond cleavage. Here, allylic alcohol adds to the carbonyl group in 

generating unsaturated lactone 148 (Scheme 2.26). 
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Scheme 2.26. Potential mechanism for the formation of 148 

Interestingly, from this reaction, the recovered starting material 139 was not 

observed as a single compound but was rather in equilibrium with another form. Indeed, 

even after standing in CDCl3 for 1 hour, a 1H NMR spectrum of 139 showed the 

presence of two products. The ratio of compounds also varied depending on the nature 

of the solvent. In the 13C NMR spectrum, a signal at 105 ppm was observed that 

corresponds to hemiketal 149 (Scheme 2.27). The formation of the hemiketal may 

explain the reluctance of this substrate to undergo retro-aldol fragmentation.  

 
Scheme 2.27. Equilibrium of enone 139 with hemiketal 149  

Here, we speculated that this equilibrium would not take place on eleutherobin’s 

precursor due to the presence of the extra cis-fused ring ultimately preventing the free 

alcohol from intramolecularly reaction. Therefore, we decided to apply the developed 

conditions to tetralone 124 and further assess the synthesis of eleutherobin (12). With a 

view to generating the precursor for the Birch reaction, we commenced the synthesis of 

tetralone 124 with the coupling of cyclobutanone 68 and modified aryl bromide 150. 

Haller-Bauer fragmentation followed by acylation delivered acyl chloride 151 in good 

yield. Unfortunately, intramolecular Friedel-Crafts with tin chloride (IV) did not provide 

tetralone 124 but only the isomer 152 through in situ migration of the double bond 

(Scheme 2.28). 
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Scheme 2.28. Failure to synthesize tetralone 124 

A thorough screening of Lewis acids was performed to determine a set of 

conditions that would prevent the migration of the double bond (Table 2.4). The majority 

of Lewis acids (e.g., SnCl4, TiCl4, FeCl3,  BF3.Et2O) solely generated isomer 141. 

Amongst the dozens of conditions attempted, aluminum trichloride seemed to offer the 

best results. Indeed, the reaction reached full conversion in less than 3 hours at 0 °C 

and delivered a ratio of 4:1 in favor of the desired tetralone 119 (entry 1). Lowering the 

temperature led to the same ratio but displayed a lower conversion over the same 

period of time (entries 2 and 3). 

Table 2.4. Friedel-Crafts reaction screening 

 
entry T (°C) solvent Lewis acid conversiona ratio (124:152)b 

1 0 °C DCM AlCl3 100% 4:1:0 

2 -20 °C DCM AlCl3 70% 4:1:0 

3 -40 °C DCM AlCl3 30% 4:1:0 
Note: a Conversion after 3 hours b Ratio determined by 1H NMR (signals integration) 

Delighted with these results, we immediately scaled up this process to generate 

half a gram of tetralone 124 from carboxylic acid 153 in 67% yield over two steps. With 
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a sufficient amount of tetralone 154 in hand, efforts were directed towards the 

application of the Birch alkylation by applying the same conditions that were developed 

for the model. A careful flush of methyl iodide through a plug of basic alumina, 

dehydration of the lithium bromide, as well as pre-distillation of the ammonia were all 

crucial steps to perform a safe and efficient Birch reaction. To our delight, vinyl ether 

154 was delivered rapidly in good yield (Scheme 2.29). 

 
Scheme 2.29. Tetralone synthesis and subsequent Birch reaction 

The key difference between model 131 and eleutherobin’s substrate 154 that 

should be highlighted was the presence of the extra tertiary olefin in 154. It was 

anticipated that this double bond may interfere with late-stage selective epoxidation. As 

depicted in Figure 2.11, the blue circled olefins are the most reactive alkenes due to the 

presence of the methoxy group, which greatly increases the nucleophilicity of the 

double bond. However, we were concerned that the trisubstituted olefin, circled in red, 

would be more accessible to react.  

 
Figure 2.11. Model 131 and substrate 154 similarities and differences 

Unfortunately, when the triene 154 was treated with mCPBA, the allylic hydroxyl 

ketone 157 was the only product observed. We hypothesized that due to the acidity of 

m-chlorobenzoic acid (pKa = 3.8) contained in the commercial bottle of mCPBA, the 

vinyl ether isomerized into the conjugated diene in 155. Subsequent epoxidation 

generated 156 en route to the undesired α-hydroxy ketone 157 (Scheme 2.30). 
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Scheme 2.30. Synthesis of side-product 157  

Surprised by this turn of events, we elected to evaluate different solvents, 

temperatures, and additives (Table 2.5). While holding to methanol as the solvent, 

neither lowering the temperature to 0 °C (entry 1) nor adding a pH 10 buffer (entry 2) 

impacted the outcome of the reaction. Similarly, the use of additives to decrease acidity 

(e.g., NaHCO3, K2CO3) did not affect the reaction outcome independently of the nature 

of the solvent (entry 3-5). Finally, the combination of methanol and water in presence of 

sodium bicarbonate solely provided desired epoxide 158 (entry 6). Relieved by this 

result, a large-scale reaction was performed using these conditions. Unfortunately, the 

selective epoxidation was not reproducible on a large scale. From there, we decided to 

screen different peroxy acids with less intrinsic acidity. To our delight, magnesium 

monoperoxyphtalate (MMPP), a milder and water-soluble peroxy acid that is typically 

used to convert ketones to esters, alkenes to epoxides, sulfides to sulfoxides, and 

sulfones or amines to amine oxides,124 cleanly converted 154 into the desired epoxide 

158 (entry 7).   
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Table 2.5. Epoxidation of vinylether 154 

 
entry peroxy acid solvent base T (°C) ratio (158:156)a 

1 mCPBA MeOH / 0 0:1 

2 mCPBA MeOH/pH 10 buffer (2/1) / rt 0:1 

3 mCPBA MeOH NaHCO3 rt 0:1 

4 mCPBA DCM K2CO3 0 0:1 

5 mCPBA THF NaHCO3 rt 0:1 

6 mCPBA MeOH/H2O (2/1) NaHCO3 rt 1:0 

7 MMPP MeOH/pH 7 buffer (1/1) / rt 1:0 
Note: a ratio determined by 1H NMR (signals integration) 

After extraction, the crude material in THF was exposed to hydrochloric acid 

(1M) thus generating α-hydroxyl ketone 159 in 60% yield over 2 steps (Scheme 2.31). 

 
Scheme 2.31. Sequence of epoxidation/opening on 154 

With the fully functionalized C3/C8 precursor in hand, installation of an oxygen 

atom at C4 was the last challenge before assessing the ring expansion (Scheme 2.32). 

To overcome potential selectivity issues, we anticipated that vanadyl acetylacetonate in 

the presence of tertiary homoallylic alcohol 159 would selectively direct the epoxidation 

event.125 Unfortunately, submitting 159 to these conditions resulted in no reaction, even 

when exposed to higher temperatures for an extended period of time (i.e., 100 °C). We 

speculated that the bridged position of the tertiary alcohol was very hindered, 

preventing the formation of the vanadyl complex. Failing to selectively direct the 

epoxidation led us to screen more standard peroxy acids. As expected, mCPBA only 

provided trisubstituted epoxide 161. A similar outcome was observed with MMPP. Use 

of the Jacobsen catalyst rapidly decomposed diketone 159. Unfortunately, Mukaiyama 

epoxidation conditions also epoxidized the trisubstituted olefin yielding 161.126 Mizuno 
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et al. have reported a highly efficient and selective epoxidation of disubstituted alkenes 

over trisubstituted alkenes using a silicotungstate catalyst ([(C4H9)4N]4[γ-1,2-

H2SiV2W10O40].H2O) in the presence of hydrogen peroxide.127 This catalyst was 

necessarily prepared and tested on limonene to confirm its reactivity. Unfortunately, 

when applied to diketone 159, starting material 159 was recovered. Similarly, a Shi 

epoxidation failed to provide the desired epoxide 160. 

 
Scheme 2.32. Failure to regioselectively epoxidized 159 

Disappointed with these results, we attempted to install the oxygen atom at C4 

through several alternative strategies (Scheme 2.33). Naturally, dihydroxylation was 

envisioned to achieve the desired result although similar selectively issues were 

anticipated. Surprisingly, standard conditions for dihydroxylation using osmium tetroxide 

in presence of NMO generated enedione 162. Unfortunately, a further selective methyl 

addition failed to deliver diol 163 in part due to the instability of triketone 162. 

Disappointingly, Woodward and Prevost reactions were also unsuccessful in providing 

triol 164. 

 
Scheme 2.33. Dihydroxylation attempts on 159   
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We moved on to another strategy that relies on the synthesis of an α-azide-β,γ-

enone. Davies et al. used a diazonium displacement to provide γ-methoxy-α,β-enone in 

a steroidal derivative in good yield.128 The use of diazotransfer agent 165 quantitively 

yielded diazo compound 166. Unfortunately, no diazonium displacement was observed 

in our system, preventing the formation of products 167, 168 and 169. At this stage, 

substrate modifications were thought necessary to differentiate the reactivity of the 

disubstituted alkene. Specifically, we believed that isomerization of the disubstituted 

olefin would provide the corresponding enone, hence differentiating the 

nucleophilic/electrophilic nature of the two double bonds. Submitting diketone 159 to 

1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) instantaneously generated enone 170 in 

very good yield (Scheme 2.34). 

 
Scheme 2.34. Diazonium displacement strategy and isomerizaion of 159 

With enone 170 in hand, several strategies were envisaged. Guerra and 

coworkers have developed a method to effect γ-hydroxylation of α,β-unsaturated 

ketones in the presence of a copper oxide catalyst (CuAlOx), potassium tert-butoxide, 

and oxygen.129 Unfortunately, this catalyst system quickly and aggressively 

decomposed enone 170. To confirm that the catalyst was properly prepared, we 

submitted (+)-carvone (24) to a freshly prepared Cu-Al-Ox catalyst and the reaction ran 

smoothly, delivering the corresponding γ-hydroxyl-α,β-enone in very good yield. Finally, 

allylic bromination to generate 172 was attempted in the presence of N-

bromosuccinimide (NBS) but only delivered the regioisomeric allylic bromide 173 
(Scheme 2.35). 
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Scheme 2.35. Allylic oxidation/bromination attempts on enone 170 

In the last effort to functionalize C4, we relied on the synthesis of silyl 

dienolether 174 that could further react with an electrophilic oxygen source (e.g., Davis 

oxaziridine, VO(acac)2). This strategy was predicted to selectively provide γ-hydroxyl-

α,β-enone 175. Submission of diketone 159 to triethylsilyl chloride and lithium 

diisopropylamide (LDA) generated silyl dienol ether 174 in quantitative yield (Scheme 

2.36). With compound 163 in hand, several conditions were investigated by varying the 

electrophile. Disappointingly, treatment with DMDO left the starting material 174 

unreacted. The use of mCPBA in toluene and DCM with and without NaHCO3 

preferably led to the epoxidation of the trisubstituted alkene yielding 178. A similar 

outcome was observed when using MMPP. In contrast, vanadyl acetylacetonate in 

DCM surprisingly offered triketone 177 in low yield that slowly decreased as reaction 

times were increased. The mechanism for the synthesis of triketone 177 could not be 

rationalized. Finally, Davis oxaziridine and iodine failed to provide 175 and 176 

respectively. 

 
Scheme 2.36. C5-functionnalization attempts on 174 
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As a result of these fruitless efforts, we were forced to abandon the ring 

expansion strategy. We realized that even if this strategy had come to fruition, the 

number of steps would have not fulfilled our expectations in designing a concise, 

scalable, and efficient total synthesis of eleutherobin (12).  

2.4. Revised Proposal: Macrocyclization 

2.4.1. Macrocyclization Via Vinyl Addition to a Lactone 

Our revised strategy rested upon the formation of eleutherobin’s cyclodecane 

core through the coupling of two distinct carbon chains to the phellandrene scaffold. It 

was envisioned that the intramolecular addition of a vinyl bromide 180 onto a lactone 

group via in situ lithium halogen exchange could provide macrocycle 179. To assess 

this cyclization, precursor 180 would be generated through the ethyl propiolate addition 

on ketone 181 followed by hydrogenation of the alkyne into the corresponding alkene 

thus triggering the spontaneous cyclization into lactone 180. Vinyl bromide 181 was 

anticipated to be made via a Horner-Wadsworth-Emmons (HWE) olefination after a 

series of reduction, oxidation, and oxidative cleavage steps on ester 182. The latter 

could be synthesized via fragmentation of diketone 183 in the presence of sodium 

methoxide. Further disconnection of 183 would trace back to cyclobutanone 68 which is 

easily accessible from R-(-)-phellandrene (36) (Scheme 2.37).  
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Scheme 2.37. New retrosynthesic disconnections 

Submitting cyclobutanone 68 to LiHMDS and methacrolein (184) offered aldol 

product 185 in 64% yield and as a mixture of two diastereoisomers (Scheme 2.38). 

Subsequent oxidation allowed for the formation of the stable 1,3-diketone 183 as a 

single isomer. The reaction of methoxide with the most reactive ketone quickly led to 

methyl ester 186 via a ring-opening mechanism in a quantitative manner. Finally, a 

sequence of reduction and protection delivered ester 187 in excellent yield that was 

subsequently reduced into the corresponding alcohol 188 which in turn was oxidized 

with DMP to provide aldehyde 189 in 69% yield over two steps.  
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Scheme 2.38. Synthesis of aldehyde 189 

To install the Michael acceptor, the HWE reaction was thought to be ideal. 

Commercially available triethyl phosphonoacetate 190 was used to determine the right 

set of conditions. Deprotonation of phosphonate 190 with sodium hydride followed by 

the addition of aldehyde 189 offered α,β-unsaturated esters 192 and 193 as a mixture 

of diastereoisomers (d.r = 1:1). A similar outcome was observed when performing the 

reaction with the Wittig reagent 191 (Scheme 2.39). 

 
Scheme 2.39. Olefination of 189 

To synthesize the trisubstituted vinyl bromide analog 196, phosphonate 184 was 

rapidly synthesized. Initial deprotonation of 190 followed by NBS addition delivered 

triethyl bromophosphonoacetate 194 in good yield. With 194 in hand, efforts were 

javascript:
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directed towards the HWE reaction. Additionally, applying the previous conditions (NaH) 

did not lead to any product 196, leaving starting material 189 unreacted. Unfortunately, 

the screening of different bases (KOtBu, LiHMDS) did not impact the outcome of the 

reaction. We speculated that the presence of an additional large atom (i.e., bromine, A-

value = 0.38) influenced reactivity by increasing the steric interactions. Unfortunately, 

carrying out the Wittig reaction demonstrated a similar pattern in the reactivity of 189. 

Indeed, although commercially available phosphonium ylide 191 smoothly reacted with 

aldehyde 189 to provide α,β-unsaturated esters 192 and 193, the use of the bromine 

counterpart 195 provided none of the desired product 196 (Scheme 2.40).  

 
Scheme 2.40. Failure to synthesize vinyl bromide 196 

Based on these results, we expected that replacing the ester with a smaller 

group would address this problem. A-values give a general representation of the steric 

bulk of a particular substituent (Table 2.6).130 A higher A-value indicates a larger steric 

effect for that substituent. A-values come from energy measurements of the different 

cyclohexane conformations of a monosubstituted cyclohexane. In this system, 

substituents prefer conformations in which they are equatorially positioned and the 

difference between the high-energy conformation (axial) and the low-energy 

conformation (equatorial) is known as the A-value for this substituent (difference in 

Gibbs free energy ΔG). According to Table 2.6, bromine has the smallest A-value 

amongst easily exchangeable halogens (i.e., Br, Cl, I). The methyl ester’s A-value is 

relatively large (i.e., 1.27) while the A-value of a nitrile group is similar to fluorine (0.17 

vs 0.15) and would dramatically decrease the steric bulk of the corresponding 

phosphonate. 
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Table 2.6. A-value of different substituents130 
substituent a-value substituent a-value substituent a-value 

F 0.15 CN 0.17 COCH3 1.17 

Cl 0.43 NC 0.21 COCl 1.25 

Br 0.38 CH=CH2 1.35 CO2CH3 1.27 

I 0.43 CH3 1.7   
 

To assess our hypothesis, phosphonate 198 was synthesized via bromination of 

commercially available 197 in the presence of LiHMDS in THF. Aldehyde 189 and 

phosphonate 198 were used in acetonitrile and submitted to Masamune and Roush 

conditions (LiCl, DBU).131 As soon as DBU was added, the reaction mixture immediately 

turned brown and subsequent TLC monitoring showed full conversion of the starting 

material into two new products. A mixture of diastereoisomers (d.r = 2:1) was observed 

by 1H NMR. To determine the nature of each isomer, both nitriles 199 and 200 were 

reduced to their corresponding primary alcohols 201 and 202, respectively. Further 

analysis of 1H NOESY spectroscopic experiments confirmed the major diastereoisomer 

corresponds to the undesired olefin 200 (Scheme 2.41). 

 
Scheme 2.41. HWE reaction and ratio determination 

In an attempt to reverse the ratio of diastereoisomers, phosphonates 203, 204, 

205 and 206 were tested in the HWE reaction (Figure 2.12). Unfortunately, these efforts 

were fruitless and only led to similar or worse ratios of products. 



67 

 
Figure 2.12. Screening of phosphonate for HWE reaction 

Although we could not improve the E/Z ratio, we speculated that further lithium 

halogen exchange during the macrocyclization step could potentially isomerize the 

undesired isomer 207 (Scheme 2.42) via an ‘aza-allene’ like intermediate 210. 

 
Scheme 2.42. Possible interconversion between 209 and 2011 

To determine if this strategy was feasible, the diastereoisomer 200 was reacted 

with isopropyl magnesium bromide and quantitatively delivered the cis-alkene 213 

(entry 1) indicating that no isomerization had occurred during this process. Fortunately, 

repeating this experiment with tert-butyllithium (entry 2) gave a 1:1 mixture of E and Z 

alkenes 212 and 213 (Table 2.7). 

Table 2.7. Isomerization attempts of diastereoisomer 200 

 
entry reagent solvent T (°C) conversiona yieldb ratio (212:213)c 

1 i-PrMgBr THF -40 °C 100% 100% 0:1  

2 t-BuLi THF -78 °C 100% 80% 1:1  
Note: a conversion after 30 minutes b yield determined by 1H NMR (internal standard) c determined by 1H NMR (signal 
integration) 

These results were crucial for several reasons. First, it meant that the d.r. of the 

HWE reaction was not important. Given that only the Z-alkene 199 is capable of 
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reacting intramolecularly with the lactone (due to conformational considerations), the 

equilibrium would ultimately lead to the formation of the desired vinyl anion 211 during 

the macrocyclization. Furthermore, treating the equilibrating mixture of vinyl anions with 

a bromine source (e.g., NBS or Br2) could also lead to the formation of the desired 

isomer 199 through a recycling process (Scheme 2.43). 

 
Scheme 2.43. Recycling process for 200 synthesis 

At this stage of the synthesis, we believed we could install the requisite lactone 

in a one-step process via an aldol reaction involving cyclobutanone 68 (Scheme 2.44). 

Further fragmentation in the presence of a hydride source (e.g., sodium borohydride) 

would provide the desired aldehyde 216, the precursor for the HWE reaction. This 

revised strategy would support a more concise synthesis of eleutherobin (12). 

 
Scheme 2.44. Remodeled retrosynthetic approach via 217 

For this approach, we envisaged aldehyde 218 and acyl chloride 219 as 

potential coupling partners for the reaction with cyclobutanone 68 (Figure 2.13). The 
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aldehyde 218 was designed as a priority target since the reaction of cyclobutanone 68 

with aldehydes was established. 

 
Figure 2.13. Potential precursors to react with cyclobutanone 68 

Deprotonation of ethyl propiolate 220 with n-butyllithium followed by subsequent 

addition on methylvinyl ketone 221 provided alcohol 222. Then, selective hydrogenation 

of alkyne with the Lindlar catalyst provided the corresponding diene which 

spontaneously cyclized to generate α,β-unsaturated lactone 223. While the oxidative 

cleavage of terminal alkene 223 was anticipated to provide the desired aldehyde, this 

target molecule has only been reported once and was described as highly unstable.132 

Unfortunately, classical oxidative cleavage conditions using OsO4 and NaIO4 did not 

provide any of the desired aldehyde due to rapid decomposition. Similarly, an 

ozonolysis attempt was fruitless (Scheme 2.45).  

 
Scheme 2.45. Synthesis of α,β-unsaturated lactone 223 

To overcome this problem, we anticipated that a protected alcohol could be 

used as a precursor to the desired aldehyde. Thus, a similar sequence of reactions was 

performed using a TBS-protected α-hydroxyl ketone 224 to deliver lactone 226. Finally, 

acidic deprotection provided primary alcohol 227 (Scheme 2.46). 
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Scheme 2.46. Synthesis of primary alcohol 227 

Several conditions were attempted for the formation of aldehyde 218 (Table 

2.8). First, alcohol 227 was submitted to purified Dess-Martin periodinane in DCM (entry 

1). Although an immediate consumption of starting material was apparent by TLC 

analysis, numerous new spots were visible. After 1H NMR spectroscopic analysis of the 

crude reaction mixture, less than 1% of aldehyde 218 was detected (internal standard). 

This first result corroborated the instability of this compound. Similarly, Swern and PCC 

oxidations led to complete decomposition of alcohol 227 (entry 2, 3). On the contrary, 

TEMPO and Ley oxidations left starting material unreacted (entry 4, 5). 

Table 2.8. Alcohol oxidation into aldehyde 218 

 
entry reagent solvent T (°C) conversiona yieldb outcome 

1 DMP DCM 0 80% < 1% traces of 218 +decomposition 

2 (COCl)2, Et3N DMSO 0 75% 0% decomposition 

3 PCC DCM 0 95% 0% decomposition 

4 TEMPO, BAIB DCM 50 0% 0% only SM 

5 TPAP, NMO DCM 50 0% 0% only SM 
Note: a conversion after 20 minutes b yield determined by 1H NMR (internal standard) 

Based on these results, we explored the synthesis of the corresponding acyl 

chloride. Thus, we applied the same strategy to generate tert-butyl ester 228 in good 

yield and the corresponding carboxylic acid 229 was accessed quantitively under acidic 

conditions without observing any lactone-opening side-products. To finish the 
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sequence, carboxylic acid 229 was reacted in the presence of oxalyl chloride and DMF 

to provide acyl chloride 219. Notably, the reaction mixture was concentrated on the 

Schlenk line to avoid any contact with oxygen or moisture (Scheme 2.47). 

 
Scheme 2.47. Synthesis of acyl chloride 219 

Delighted to be in possession of several milligrams of 219, deprotonation of 

cyclobutanone 68 was followed by the addition of freshly prepared acyl chloride 219 as 

a solution in toluene (Scheme 2.48). After the complete disappearance of starting 

material by TLC, the reaction mixture was analyzed by NMR spectroscopy. 

Interestingly, two doublet of doublets (dd) were observed at ~4.5 ppm and could 

account for a mixture of diastereoisomers of 217. A long-range coupling between the 

opposite proton on the cyclobutanone explained multiplicity. Unfortunately, attempts to 

isolate these products were fruitless and repetition of this experiment led to 

reproducibility issues. We believed that the instability of acyl chloride 219 was the 

source of problems and indeed NMR spectroscopic analysis of acyl chloride 219 

(internal standard) immediately after preparation showed that the yield was less than 

10%.  

 
Scheme 2.48. Coupling of 68 with acyl chloride 219 

To assess the feasibility of the coupling of cyclobutanone 68 with acyl chlorides 

in general, we envisioned the use of a simple trisubstituted acyl chloride that would 

deliver a stable 1,3 diketone while assessing the presence of a bulky partner. After 

some considerations, pivaloyl chloride 230 was chosen and submitted to the 

cyclobutanone enolate in toluene (Scheme 2.49). All starting material was rapidly 
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consumed to generate a new spot by TLC. Subsequent NMR spectroscopy of the crude 

mixture highlighted the presence of a doublet of doublets (dd) at 4.41 ppm. The reaction 

mixture was clean and included a single diastereoisomer. From this observation, it was 

clear that a more stable acyl chloride 231 was required. 

 
Scheme 2.49. Coupling attempt with pivaloyl chloride 230 

Towards this goal, we believed that coupling cyclobutanone 68 with 5-methoxy 

furan-2-carbaldehyde would address the instability issues. The remainder of the 

synthetic plan remained the same with the exception of an extra step for the 

dearomatization of the furan (215 from 233) (Scheme 2.50). 

 
Scheme 2.50. Retrosynthetic approach using furan intermediate 234 

Following this new strategy, aldehyde 236 was synthesized from commercially 

available 2-methoxyfuran 235. Deprotonation of C5 with n-butyllithium and subsequent 

addition of DMF provided the desired aldehyde 236 in good yield (53 %). With aldehyde 
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236 in hand, the aldol reaction was performed and rapidly delivered the desired product 

237 in 67% as a mixture of diastereoisomers (Scheme 2.51).  

 
Scheme 2.51. Aldol reaction of cyclobutanone 68 with aldehyde 236  

To trigger the cyclobutanone fragmentation, it was required to oxidize the 

alcohol function. Surprisingly, this step proved to be more challenging than expected as 

the methoxyfuran group was prone to competitive oxidation (Table 2.9). Indeed, DMP 

oxidation mainly led to decomposition with minor formation of side-product 238 (entry 

1). Oxidations using PCC, Parikh-Doering, MnO2, tempo/BAIB and DDQ all provided 

238 as the main product (entry 2-6) Finally, a Ley oxidation provided the desired 

product in 25% yield (internal standard) (entry 7). Notably, the lactone 238 derives from 

the decomposition pathway of furfuryl alcohol under oxidative conditions is depicted 

below. First, oxidation of the furane 239 leads to the formation of an enedione 

intermediate 240 that further cyclizes to hemiketal 241. When the furan bears a 

methoxy group, a ketone is generated as seen with side-product 238.  
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Table 2.9. Oxidation of secondary alcohol 237 

 
entry reagent solvent conversiona yieldb outcome 

1 DMP, NaHCO3 DCM 100% 0% 238 + decomposition 

2 PCC DCM 100% 0% 238 

3 NEt3, SO3.pyr, DMSO DCM 80% 0% decomposition 

4 MnO2 DCM 20% 0% 238 

5 TEMPO, BAIB DCM 50% 0% 238 

6 DDQ benzene 70% 0% 238 

7 TPAP, NMO, 4A MS  DCM 100% 25% 234 
Note: a conversion after 30 minutes b yield determined by 1H NMR (internal standard) 

Due to its instability, diketone 234 was immediately subjected to ring-opening 

conditions of the cyclobutanone using methoxide in methanol. To our delight, methyl 

ester 233 was purified and isolated in 22% yield over these two steps. Although the 

yield was low, this reaction was thought to provide sufficient material to reach and 

assess the key step. Moving forward, we first reduced both the ester and ketone 

function to afford the corresponding diol 242. Unfortunately, classic work-up conditions 

led to the conversion of 242 into 243 during the solvent evaporation process (probably 

due to basicity). To overcome this problem, the reaction mixture was extracted with 

dichloroethane (DCE) which ultimately allowed us to evaporate the THF without having 

the mixture go to dryness. A subsequent Ley oxidation in DCE generated ketoaldehyde 

244 in a poor 14% yield over two steps. Finally, the HWE reaction provided a mixture of 

both vinyl bromide 245 and 246 in 64% yield with a 2:3 mixture of diastereoisomers in 

favor of the ‘undesired’ product 246 (Scheme 2.52). 
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Scheme 2.52. Synthesis of bromo cyano alkene 245 

Although this synthetic sequence led to the formation of vinyl bromide 245, the 

overall yield was poor due to numerous steps of oxidation and reduction. To tackle this 

issue, we designed an alternative synthesis using acyl chloride 247 to remove the low-

yielding oxidation step (Scheme 2.53). This new strategy proceeded with a 12% yield 

over 5 steps compared to 1.1% over 8 steps for the previous route. 
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Scheme 2.53. Alternative strategy toward bromo cyano alkene 245 

Before investigating the methoxy furan cleavage of 245, a model system was 

first investigated to determine the optimal reaction conditions. Thus, 2-methoxyfuran 

235 was treated with n-butyllithium followed by hydrocinnamaldehyde 248. A 

subsequent Ley oxidation provided the ketone 249 (Scheme 2.54). 

 
Scheme 2.54. Synthesis of 249 to assess “OMe” cleavage 

Shengming Ma et al. have reported the use of sodium iodide for the formation of 

α,β-unsaturated lactones from alkoxy furans.133 Unfortunately, repeating these 

conditions on furan 249 failed to provide lactone 250. Screening of a range of solvents 

(e.g., THF, acetone, acetonitrile, EA) at temperatures up to their boiling points gave 

only unreacted starting material. In contrast, acidic conditions (i.e., PTSA) consumed 

methoxyfuran 249 but generated side-product 251 in the presence of water (Scheme 

2.55). 



77 

 
Scheme 2.55. “OMe” cleavage attemp under acidic conditions 

Disappointed with these preliminary results, we turned to the use of TMSI and 

BBr3, both known as useful reagents for the removal of aromatic methoxy groups. In 

both cases, the desired product 252 and regioisomer 253 were produced. Further 

submission to base (i.e., K2CO3) and methyl iodide led to a mixture of different products 

that included SM (252, 253) ~ 10%, 250 ~ 15%, 254 ~ 8%, 255 ~ 11%, 256 ~ 56% 

(Scheme 2.56).  

 
Scheme 2.56. Dearomatization and subsequent methylation 

When these conditions were applied to the more elaborate methoxy furan 245 

and the reaction was monitored by mass spectroscopy, the expected mass (392 and 

394) was found after 15 min. After work-up, analysis of the reaction mixture by 1H NMR 

spectroscopy showed less than 1% of the expected product and purification on silica 

gel provided us with a mixture of 4 non-separable diastereoisomers. NMR 

spectroscopic analysis combined with mass spectroscopy experiments indicated the 

formation of the pyran 259. Mechanistically, deprotection of the methoxy group is likely 
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followed by the formation of a stabilized enolate anion 258 that engages in a 1,4 

addition to yield compound 259 as a mixture of 4 diastereoisomers (i.e., (E)-(E), (Z)-(Z), 

(E)-(Z), (Z)-(E)). 

 
Scheme 2.57. Dearomatization attempt bromo cyano alkene 245 

To further assess the propensity of the extended enolate to engage in 

intramolecular reactions, we applied the same conditions to the corresponding aldehyde 

244 (Scheme 2.58). The presence of a doublet at 5.1 ppm in the 1H NMR spectrum and 

a signal at 120 ppm in the 13C NMR spectrum were consistent with the acetal 260. 

These results suggested that having an electrophilic group (e.g., aldehyde or α,β-

unsaturated nitrile) at this position would present problems. 

 
Scheme 2.58. Dearomatization attempt on aldehyde 244 

Moving forward, we envisioned that nitrile could be reduced to the 

corresponding protected allylic alcohol to reduce the reactivity of the alkene function. 

For the sake of convenience, we took advantage of Danishefsky’s intermediate 264 to 

evaluate our new strategy. To commence the synthesis, cyclobutanone 68 was 
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submitted to Bredereck’s reagent (i.e., t-BuOCH(NMe2)2) to provide enone 263 that was 

opened under acidic conditions to generate Danishefsky’s intermediate 262. A 

sequence of reduction/oxidation furnished the aldehyde 263 that underwent an HWE 

olefination to provide vinyl bromide 264 and 265 in good yield and as a mixture of 

diastereoisomers. As planned, the nitrile group was reduced to the corresponding 

alcohol following a 2-step sequence involving diisobutylaluminum hydride and sodium 

borohydride. Subsequent TBDPS-protection delivered the protected allylic alcohol 266 

in 90% yield over 3 steps. To install the methoxyfuran, ketal 266 was deprotected to 

provide the corresponding aldehyde, which underwent reaction with lithiated 2-

methoxyfuran to deliver alcohol 267 as a mixture of diastereoisomers. Finally, oxidation 

of furfuryl alcohol 267 generated the advanced intermediate 268. With great excitement, 

vinyl bromide 268 was submitted to lithium iodide in THF and was heated at 80 °C for 1 

hour in the microwave reactor (Scheme 2.59). Unfortunately, the starting material was 

recovered intact. Increasing the temperature and the time of the reaction only led to 

decomposition. 
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Scheme 2.59. Synthesis of 268 and “OMe” cleavage attempt 

At this stage, the challenges associated with the conversion of methoxyfuran 

268 into the requisite lactone 269 as well as the lack of diastereocontrol in this 

sequence forced us to pursue an alternative synthesis. We anticipated that addition of 

commercially available α-angelicalactone 271 to aldehyde 270 would avoid the 

challenging deprotection (Table 2.10). Our initial attempts to effect this transformation 

using sodium tert-butoxide in THF provided 272 as a minor product accompanied by 

several products of decomposition (entry 1). Unfortunately, in toluene, decomposition 

was the exclusive pathway (entry 2). The use of potassium tert-butoxide led to a similar 

outcome (entries 3 and 4). Surprisingly, the use of lithium tert-butoxide only led to a 

mixture of isomer 273 and diene 274 in both THF and toluene (entry 5, 6). The use of 

amine bases such as DBU (entry 7) provided product 275 from homocoupling. 
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Table 2.10. Screening of α-angelicalactone addition on 270 

 
entry base solvent base (eq) lactone (eq) conversiona yieldb outcome 

1 NaOtBu THF 2 2 100% 8% 272 

2 NaOtBu Toluene 2 2 90% 3% 272 

3 KOtBu THF 2 2 100% 12% 272 

4 KOtBu Toluene 2 2 90% 5% 272 

5 LiOtBu THF 2 2 65% 0% 273 + 274 

6 LiOtBu Toluene 2 2 85% 0% 273 + 274 

7 DBU DCM 4 5 15% 0% 275 
Note: a conversion after 30 minutes b yield of 272 determined by 1H NMR (internal standard) Purification (KOtBu): 
Potassium tert-butoxide (10 g) was stirred in THF (100 mL) for 10 min. Subsequent filtration and evaporation provided 
a clean powder of KOtBu (1 g) that was stored under inert atmosphere.  

From these results, potassium tert-butoxide proved to be the most promising 

base and we next explored equivalents of reagents. Specifically, we examined the use 

of excess lactone 271 (5 eq) while varying the equivalents of KOtBu (Table 2.11). 

Notably, purification of KOtBu was essential for reaction reproducibility. As indicated in 

entries 1 and 2, catalytic amounts of base led to a low yield (<15%). Increasing the 

equivalents improved the yield of the reaction, with 51% using 2.5 equivalents of base 

(entries 3 and 4). A large excess of base was detrimental to the reaction (entries 5 and 

6). 
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Table 2.11. Impact of the base equivalents 

 
entry lactone (eq) base (eq) conversiona yieldb 

1 5 0.05 100% <15% 

2 5 0.25 100% <15% 

3 5 0.50 100% 28% 

4 5 2.5 100% 51% (45% major dia) 

5 5 5 100% <15% 

6 5 10 100% <15% 
Note: a conversion after 1 hour b yield determined by 1H NMR (internal standard) 

Finally, TBS protection of alcohol 272 led to precursor 276 in modest yield for 

this type of reaction. With compound 276 in hand, we were finally able to assess the 

macrocyclization. Surprisingly, when vinyl bromide 276 was treated with tert-

butyllithium, no lithium-halogen exchange was observed, even at elevated 

temperatures. At room temperature, tert-butyllithium addition to the lactone only 

generated 278. This result confirmed that the lactone was sufficiently electrophilic to 

engage in reactions with organometallic reagents and that perhaps the TBDPS group 

creates a steric barrier to lithium-halogen exchange. Thus, the TBDPS group was 

removed with HF/pyridine to afford alcohol 279. Unfortunately, using substrate 279 with 

an excess of tert-butyllithium, no lithium-halogen exchange occurred and only tert-butyl 

addition was observed in the generation of 281. As a final attempt, we submitted 

substrate 279 to Nozaki-Hiyama-Kishi conditions. Even though there are no reports of 

this reaction using an ester, the goal was to assess the feasibility of a chromium 

insertion between the Csp2-Br bond thus gaining insights into the reactivity of vinyl 

bromide 279. Here again, starting material 279 was recovered unreacted (Scheme 

2.60). Overall, these results suggested that the vinyl nitrile was essential for facile 

lithium halogen exchange (vide supra). 
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Scheme 2.60. No halogen-lithium exchange observed 

To test this theory, a cyclization precursor that contained both lactone and 

cyano bromo alkene function was required (Scheme 2.61). Towards this goal, reduction 

of ester 262 with LiAlH4 provided alcohol 282. A subsequent sequence of 

protection/deprotection steps generated aldehyde 283 in good yield. 

 
Scheme 2.61. Synthesis of aldehyde 283 
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Interestingly, Mateo and coworkers reported that in reaction with aldehydes, an 

electron-donating group, such as an alkylamine at the C4 position of 5H-furan-2-one 

favored the formation of C5 substituted derivatives 285.134 Similarly, Royer and 

coworkers used lactone 284 to selectively react at C5 with aldehydes and acyl chlorides 

(Scheme 2.62).135 To test this reagent, lactone 284 was prepared in 2 steps from 

commercially available tetronic acid in 89% yield following a literature procedure. 

 
Scheme 2.62. Reported examples from the Royer group 

Further coupling of aldehyde 283 with lactone 284 afforded a mixture of free and 

TMS-protected alcohol that was directly treated with PPTS to generate free alcohol 286 
as a main diastereoisomer (not characterized). While attempts to protect the alcohol 

function with a TBS group failed, using the smaller SEM protecting group delivered 287 

in good yield. Deprotection of the pyrrolidine was performed through a two-step 

sequence. The first step consisted of reducing the double bond with sodium 

cyanoborohydride. Then, formation of N-oxide triggered a Cope-like elimination that 

reinstalled the unsaturation in 288 via elimination of the pyrrolidine group. Deprotection 

of TBDPS followed by oxidation of the alcohol led to aldehyde 289, which was 

immediately submitted to HWE conditions to generate the cyano bromo alkene 

(290:291) as a 2:1 mixture of diastereoisomers favoring the undesired E isomer 291 

(Scheme 2.63).  
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Scheme 2.63. Synthesis of bromo cyano alkene 290 

To our delight, submission of precursor 290 to tert-butyllithium immediately 

generated vinyl anion 292, confirming that electron-withdrawing cyano group was 

essential for bromine-lithium exchange (Scheme 2.64). Unfortunately, the vinyl anion 

did not react with the lactone function at low or elevated temperatures. Similarly, 

isopropyl magnesium bromide also promoted a magnesium-bromide exchange but did 

not provide any desired product, instead affording after work up the olefin 294 as the 

exclusive product. Repetition of this reaction in several solvents (e.g., petroleum ether, 

Et2O, THF, and THF/TMEDA) failed to provide 293. The failure of the vinyl anion to 

react with the lactone carbonyl may well be due to one of several issues that include 

steric (i.e., incapability of properly aligning with π* carbonyl due to C7 or C8 hindrance), 

diminished reactivity (i.e., weak lactone electrophilicity or vinyl anion nucleophilicity), 

entropic factors (i.e., energy of the product increases). Interestingly, both 

macrocyclizations performed by Nicolaou and Danishefsky involve aldehydes and 
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planar/linear nucleophiles, which we are lacking in 290. As a result of this failure, we 

were forced to readjust the strategy for the formation of the large ring in eleutherobin’s 

core. 

 
Scheme 2.64. Cyclization attempts 

2.4.2. Macrocyclization Via Knoevenagel Condensation 

At this stage, we aimed to design a unique cyclization strategy. It is known that 

aldehydes are amongst the best electrophiles and therefore have been used in many 

types of macrocyclizations (e.g., NHK, HWE, aldols) including the two prior syntheses 

of eleutherobin (Scheme 2.2 & 2.3). We anticipated that an intramolecular Knoevenagel 

condensation could provide bicyclo[8.4.0]tetradecane 295 from 296 which in turn would 

be functionalized to generate ketal 179 (Scheme 2.65). 
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Scheme 2.65. Ultimate retrosynthetic strategy 

To generate the precursor to the Knoevenagel reaction, we believed that either 

a Wittig or Corey-Chaykovsky reaction, using phosphorus ylide 297 and sulfur ylide 

298, respectively, would provide the corresponding alkene 299 or epoxide 300 in a 

short number of steps (Scheme 2.66).  

 

Scheme 2.66. Synthetic route to potential precursors 299 and 300 

The corresponding alkyl bromide 306 was envisioned as a common building 

block for the synthesis of phosphorus ylide 297 and sulfur ylide 298. Thus, 
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commercially available dioxinone 301 was brominated to generate allyl bromide 302 in 

good yield. The next step consisted of a displacement using benzyl acetoacetate. 

Conditions reported by Sato and coworkers using sodium hydride in DMF led to a poor 

15% yield.136 Screening different inorganic bases ultimately identified cesium carbonate 

as an improved alternative for the nucleophilic substitution, which delivered ketoester 

303 in excellent yield. Hydrogenation effected the benzyl deprotection and spontaneous 

decarboxylation providing ketone 304. Finally, reduction of ketone 305 followed by an 

Appel reaction in presence of CBr4 provided the desired alkyl bromide 306 in excellent 

overall yield (Scheme 2.67). 

 
Scheme 2.67. Synthesis of common building block 306 

With alkyl halide 306 in hand, we focused our primary efforts toward the 

synthesis of phosphonium salt 307. To generate phosphonium salt 307, alkyl bromide 

306 was reacted with triphenylphosphine in toluene (Scheme 2.68). Unfortunately, 

heating the reaction mixture to 60 °C left starting material unreacted while any further 

increases in temperature only led to decomposition. 

 
Scheme 2.68. Attempt to synthesize Wittig reagent 307 
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In parallel, the synthesis of sulfonium 309 was investigated. Nucleophilic 

substitution of alkyl bromide 306 with thiophenol quantitively provided phenyl sulfide 

308. Unfortunately, several failures to access the Corey-Chaykovsky reagent 309 

forced us to abandon this route (Scheme 2.69). 

 
Scheme 2.69. Attempt to synthesize Corey-Chaykovsky reagent 309 

With the aim to quickly assess the feasibility of this new strategy, we next 

followed a more robust but longer strategy that targeted the ketoester 315. Toward this 

goal, aldehyde 283 was submitted to a Still-modified HWE olefination137 providing the 

(Z)-alkene 211 with excellent selectivity (d.r = 15:1). Formation of allylic bromide 312 

was achieved through a sequence of reduction/Appel reactions in very good yield. 

Then, use of the Weiler dianion138 provided ketoester 313 that was ultimately 

deprotected and oxidized to generate the Knoevenagel precursor 315 (Scheme 2.70). 
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Scheme 2.70. Step-by-step approach to ketoester 315 

With excitement, we commenced our investigation into the formation of the 10-

membered ring (Table 2.12). Treating the keto ester with a mixture of acetic acid and 

pyridine in toluene left starting material 315 unreacted (entry 1). The use of TiCl4 quickly 

led to the formation of a new product 319 generated from the attack of the trisubstituted 

alkene on the aldehyde (entry 2). The screening of several bases did not improve these 

results (entry 3-6). Likewise, the use of boron trifluoride led to the cyclized product 319 

(entry 7). Interestingly, submitting ketoester 315 to β-alanine70 in polar solvents (e.g., 

DMSO, EtOH) generated the desired product 316 in a low yield and as a mixture of 

diastereoisomers (entry 8, 9). It was speculated that the low yield resulted from the 

competing formation of dimers 317 and 318. 
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Table 2.12. Knoevenagel condensation screening 

 
entry reagent solvent T (°C) conversiona yieldb outcome 

1 AcOH/pyr/MS 4Å Toluene 120 0% 0% 315 only 

2 TiCl4/pyr THF rt 100% 0% 319 

3 K2CO3 MeOH 70 0% 0% 315 only 

4 KF MeOH 80 0% 0% 315 only 

5 Na (s) MeOH 80 0% 0% 315 only 

6 KHMDS, 18C6 THF 80 0% 0% 315 only 

7 BF3.Et2O DCM rt 90% 0% 319 

8 β-alanine EtOH rt 80% 8% 316 + 317 + 318 

9 β-alanine DMSO rt 80% 13% 316 + 317 + 318 
Note: a conversion after 24 hours b determined after purification on column chromatography 

Delighted by the generation of trace amounts of product, we thought to improve 

the conversion by heating at 70 °C overnight. Unfortunately, the conversion remained 

approximately the same (~ 15%). After purification, an aldehyde that displayed spectral 

data similar to 315 was recovered along with dimers 317 and 318. We speculated that 

the new aldehyde derived from epimerization at C1 (during the reaction) as a result of 

the formation of an enamine intermediate (Scheme 2.71). Here, racemization is more 

rapid than cyclization leading to the unreactive epimer 320. 
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Scheme 2.71. Potential explanation for the low conversion 

Previous studies showed that replacing a methyl ester (A-value = 1.27) with a 

nitrile group (A-value = 0.21) had resulted in considerable improvements in HWE 

reactions of a related aldehyde (see section 2.4.1). Based on this insight, we next 

targeted the corresponding ketonitrile 321 (Figure 2.14). 

 
Figure 2.14. Alternative ketonitrile 321 

Unfortunately, a displacement reaction of allyl bromide 312 with 3-

oxobutanenitrile failed to provide the desired product 322. To tackle this problem, tert-

butyl acetate was added to allyl bromide 312 and provided the corresponding γ,δ-

unsaturated ester 323 in excellent yield. Thereafter, careful addition of the anion 

derived from acetonitrile delivered ketonitrile 322 that was in turn deprotected and 

oxidized to yield aldehyde 321 (Scheme 2.72). 
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Scheme 2.72. Synthesis of ketonitrile 321 

With aldehyde 321 in hand, we applied the same conditions that were previously 

used for ketoester 315 (Scheme 2.73). Surprisingly, after stirring for one hour at 70 °C 

in DMSO, no starting material remained. Thus, the steric bulk engendered by the 

methyl ester in 315 was likely the primary reason for the low conversion. By TLC 

analysis, two main products were visible. Subsequent spectroscopic analysis of these 

products indicated that the less polar product was the dimer 325 that arose from a bis-

Knoevenagel condensation. The more polar product was the desired macrocycle 324. 

Although cyclodecadienone 324 seemed to be the major product by TLC analysis, the 

isolated yield was poor (< 20%).  
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Scheme 2.73. Macrocyclization of 324 in presence of β-alanine 

Interestingly, the 1H NMR spectra of cyclodecane 324 in various solvents 

indicated the presence of several slowly interconverting conformations. Only in benzene 

d6 was a modestly resolved 1H NMR spectrum obtained (Figure 2.15). Unfortunately, 

the lower range of the spectrum was still poorly resolved. In order to gather improved 

spectral data, a series of variable-temperature NMR experiments were required. 

Indeed, increasing the temperature to 40 °C (red) led to a slight improvement in the 

shape of the resonances (Figure 2.16). For instance, the resonance assigned to one of 

the methyl groups of the isopropyl function is very characteristic at 0.6 pm and appears 

as a broad signal at lower temperatures. However, at 60 °C (green), this resonance 

became a clear doublet. This equilibrium of conformations had not been observed with 

methyl ester 315 and we speculated that the larger methyl ester (large) locked the 

molecule in a single conformation whereas, with the nitrile (small and linear), the 

macrocycle was free to alternate between several conformations.  

 
Figure 2.15. 1H NMR spectrum of 324 from 5 ppm to 7 ppm at 20 °C 
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Figure 2.16. 1H NMR spectrum of 324 from 0.5 ppm to 4 ppm 
Note: In blue, 1H NMR spectroscopy at 20 °C. In red, 1H NMR spectroscopy at 40 °C. In green, 
1H NMR spectroscopy at 60 °C. 

In an effort to improve the yield and the 324:325 ratio, several conditions were 

explored (Table 2.13). The standard conditions offer a 1:0.23 ratio in favor of product 

324 (entry 1). Interestingly, performing the same reaction at room temperature for 24 

hours provided the same product-to-dimer ratio (entry 2). When switching from DMSO 

to EtOH, product 324 is also generated but slowly decomposed over time (entry 3) 

which was confirmed when product 324 was separately left in EtOH overnight (entry 4). 

To diminish the amount of dimer, various concentrations of reactants were screened 

(entry 5-9). Logically, reducing the concentration improved the 324:325 ratio until at 

0.0025M no more benefits were observed (entry 8). Increasing the time of the reaction 

did not provide a better ratio nor a better yield as new side-products were formed over 

time (entries 10 and 11). Switching from DMSO to DCM, MeCN or THF prevented any 

reaction from occurring, leaving starting material 321 intact (entry 12-14). However, the 

reaction did take place in DMF, but at a slower rate compared to DMSO (5% conversion 

vs 80% (DMSO) after 24 hours) (entry 15). Unfortunately, the use of acetone led to 

direct solvent condensation on ketonitrile 321 (entry 16) while the use of benzene led to 

the formation of dimer 325 as the sole product of the reaction (entry 17). Interestingly, 

decreasing the equivalents of β-alanine to 1 and 0.5 improved the ratio 324:325 but the 
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reaction stalled and had overall low conversion (entries 18 and 19). Finally, attempts at 

using L-asparagine as an amino acid alternative to β-alanine offered product 324 but 

again the conversion was low. Very interestingly, all conditions that did not involve 

amino acids (e.g., K2CO3, NaOMe) did not yield any product. We believed that the 

presence of the carboxylic acid function on the base plays an essential role in allowing 

the two chains to meet one another through coordination. The overall yield in these 

experiments was poor with an average of 25%. However, aldehyde 321 was also found 

to be unstable, which could obfuscate the actual yield of the Knoevenagel 

condensation. 

Table 2.13. Knoevenagel condensation on aldehyde 321 

 
entry base (eq) solvent  [C] temp (°C) time (h) ratio (324:325)a 

1 β-alanine (4) DMSO 0.04 70 1 1/0.23 

2 β-alanine (4) DMSO 0.04 rt 24 1/0.23 

3 β-alanine (4) EtOH 0.04 rt 1 1/1 

4 β-alanine (4) EtOH 0.04 60 1 0.3/1 

5 β-alanine (4) DMSO 0.02 rt 24 1/0.21 

6 β-alanine (4) DMSO 0.01 rt 24 1/0.19 

7 β-alanine (4) DMSO 0.005 rt 24 1/0.17 

8 β-alanine (4) DMSO 0.0025 rt 24 1/0.15 

9 β-alanine (4) DMSO 0.0010 rt 24 1/0.15 

10 β-alanine (4) DMSO 0.0025 rt 72 1/0.18 

11 β-alanine (4) DMSO 0.0025 rt 168 1/0.21 

12 β-alanine (4) MeCN 0.0025 rt 24 N.D. 

13 β-alanine (4) THF 0.0025 rt 24 N.D. 

14 β-alanine (4) DCM 0.0025 rt 24 N.D. 

15 β-alanine (4) DMF 0.0025 rt 24 1/0.22  

16 β-alanine (4) acetone 0.0025 rt 24 N.D. 

17 β-alanine (4) benzene 0.0025 rt 24 0/1 

18 β-alanine (1) DMSO 0.0025 rt 24 1/0.05  

19 β-alanine (0.5) DMSO 0.0025 rt 24 1/0.1  

20 L-asparagine (4) DMSO 0.0025 rt 24 1/0.1  
Note: a determined by 1H NMR (signals integration) 
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As a result of this large screening, we selected entry 2 as the conditions of 

reference for the macrocyclization. Using these conditions, ~ 0.5 g of cyclodecadienone 

324 was synthesized. The presence of rotamers made the characterization very 

challenging. To overcome this issue, we reduced nitrile moiety into the corresponding 

alcohol as we had speculated that the small size of the nitrile was the reason for the 

presence of rotamers. Moreover, the alcohol function is ultimately necessary to install 

the arabinose moiety later in the synthesis. Both ketone and nitrile were reduced into 

alcohol and aldehyde, respectively. Further reduction of 326 with sodium borohydride 

delivered diol 327 in an overall modest yield. Selective TBS-protection of primary 

alcohol 327 in DMF delivered allylic alcohol 328 that was in turn oxidized to generate 

enone 329 (Scheme 2.74). As expected, 1H NMR spectroscopic analysis of purified 329 

did not show the presence of rotamers, which confirmed our hypothesis regarding the 

conformational flexibility of nitrile 324. 

 
Scheme 2.74. Synthesis of advanced intermediate 329 

With enone 329 in hand, we commenced the investigation of the C7-C8 

functionalization. We believed that selective dihydroxylation of C7-C8 alkene would 

generate diol 330 which should spontaneously cyclize to form hemiketal 331 (Scheme 

2.75). Enone 329 was submitted to a catalytic amount of osmium tetroxide, but no 

reaction was observed. The addition of a stoichiometric amount of OsO4 led to 

immediate consumption of the starting material 329 and the production of a mixture of 

side-products. Modifying several parameters (e.g., cat loading, solvent, temperature) 

was fruitless in providing a reasonable quantity of diol 330. Interestingly, switching to 
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RuCl3 greatly improved the outcome of the reaction providing diol 330 in 52% yield as a 

single diastereoisomer. After purification, complete NMR spectroscopic analysis 

confirmed the regioselectivity of the reaction. Unfortunately, a series of NOESY 

spectroscopic experiments performed on 330 combined with the use of a hand model 

and a chemistry software confirmed the production of the wrong diastereoisomer 333 
due to a highly hindered α-face of the cyclodecadienone 329. The most stable 

conformation of 329 precludes di-hydroxylation on the top face, thus preventing the 

formation of diol 332. Unfortunately, the C7 stereochemistry cannot be modified later in 

the synthesis unlike that of C8 (e.g., Mitsunobu esterification) forcing us to revise the 

strategy.  

 
Scheme 2.75. Dihydroxylation of enone 329 

As an alternative approach, we envisioned the synthesis of the corresponding 

epoxide 334 (Scheme 2.76). Indeed, epoxide formation on the bottom (alpha) face 

would allow us to further open the epoxide under acidic conditions to selectively provide 

the corresponding diol with the desired stereochemistry in both positions. Similar to the 

dihydroxylation, reaction of triene 329 with mCPBA was regio- and diastereoselective 

generating epoxide 334 as a single product. The stereochemistry of 334 was confirmed 

by NOESY spectroscopy experiments. Correlation from the proton at C10 to the one at 

C1 confirmed the cis ring juncture as expected. Moreover, a correlation from the proton 

at C1 and the protons at C20 further demonstrated that no isomerization was observed 

all along the sequence from cyclobutanone 68. 



99 

 
Scheme 2.76. Regio- and diastereoselective epoxidation of triene 329 

To properly control the C7/C8 stereocenters, three processes of epoxide 

opening were envisaged. The first process involves nucleophilic attack of water on 

epoxide 334 under acidic conditions (Scheme 2.77a). The second involves the 

intramolecular attack of the ketone onto the epoxide under acidic conditions providing 

ketal 337 (Scheme 2.77b). Finally, the addition of hydroxide anion to the ketone 334 

could provide ketal 337 via intramolecular epoxide opening (via 338) (Scheme 2.77c).  
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Scheme 2.77. Possible mechanisms for epoxide opening 

The first attempt using lithium hydroxide only led to triol 339 via TBS 

deprotection. Scandium triflate is often reported for epoxide opening in the scientific 

literature.139 Unfortunately, scandium triflate also led to 339 that further decomposed. 

Similarly, all aqueous acidic conditions (H2SO4, AcOH, citric acid, PTSA, CSA, TFA) 

triggered TBS deprotection with subsequent decomposition of triol 339 (Scheme 2.78). 
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Scheme 2.78. Attempts in opening epoxide 334 

To further facilitate the opening of the epoxide at the more substituted C7 

position, we anticipated that initial installation of the C5-C6 olefin could help in 

stabilizing the carbocation intermediate. To install the double bond, α-selanylation of 

ketone 334 was performed in the presence of LiHMDS and PhSeCl in THF and 

generated α-phenylseleno ketone 340 as a single diastereoisomer. Subsequent 

oxidation and spontaneous elimination of the selenoxide generated dienone 341 in 

good yield (Scheme 2.79). 

 
Scheme 2.79. Installation of the C5-C6 olefin 

One step away from eleutherobin’s macrocyclic core, we commenced the 

investigation of the epoxide opening starting with lithium hydroxide in THF at 80 °C 

(Scheme 2.80). These conditions only led to triol 343. PTSA failed to promote epoxide 

opening, returning starting material unreacted. Attempts to reflux epoxide 341 in water 

were fruitless and the presence of a tertiary amine did not provide any benefits. The use 

of scandium triflate led to rapid decomposition, while iron chloride (III) promoted 

removal of the TBS protecting group. Several acidic reaction conditions were explored 

(i.e., PPTS, CSA) also without success. Although the use of BF3 rapidly led to 

decomposition in DCM, switching to a mixture of water/THF gave a product with signals 

in the 1H NMR spectra consistent with those in eleutherobin. In particular, two doublets 

at ~6.1 ppm with a coupling constant of 5.8 Hz were observed. Unfortunately, attempts 
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to purify this compound on small scale led to loss of material. At this point, due to lack 

of material and time, the project was stopped.  

 
Scheme 2.80. Final attempts in opening epoxide 341 

In parallel with the synthesis of the cyclodecane core of eleutherobin, both the 

urocanic ester 344 and arabinose 345 units were prepared in anticipation of completion 

of the synthesis (Scheme 2.81). 

 
Scheme 2.81. Urocanic ester 344 and arabinose 345 units 

The synthesis of the arabinose 345 commenced with cheap and commercially 

available D-arabinose 346. A series of protection, deprotection, and functionalization of 

the anomeric position quickly led us to the desired sugar in 8 steps (Scheme 2.82).70,140 
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Scheme 2.82. Synthesis of sugar precursor 345 

To synthesize 344, commercially available urocanic acid was esterified followed 

by selective methylation of N1. This 2-step sequence provided N-methyl urocanic ester 

344 in 2 steps and good overall yield (Scheme 2.83). 

 
Scheme 2.83. Synthesis of ester 344 

2.5. Future Directions 

While our efforts towards the total synthesis of eleutherobin did not ultimately 

provide the natural product, the formation of the 10-membered ring represents a 

significant achievement. The Knoevenagel cyclization strategy is expected to ultimately 

deliver eleutherobin. However, several hurdles have yet to be overcome. First and 

foremost, opening of the epoxide represents a crucial and exciting challenge that needs 

to be further investigated to ultimately generate ketal 342 with the correctly configured 
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stereocenters. Moreover, the current synthetic pathway suffers several low-yielding 

steps that hamper a potential multigram-scale synthesis of eleutherobin. For instance, 

the macrocyclization, the aldehyde formation and the nitrile reduction all have yields of 

less than 50%. More importantly, the initial objective of producing eleutherobin in a 

short number of steps has not been fulfilled. Indeed, the current strategy would provide 

eleutherobin in a ~ 25-step sequence, similar to that in the Nicolaou and Danishefsky 

syntheses. To improve our synthesis, several strategies could be implemented. For 

instance, adjustment of Britton’s methodology for the α-arylation of cyclobutanone could 

lead to an impressive synthesis of ketonitrile 321 in only 4 steps from phellandrene.73 

Indeed, we believe that a thorough screen of catalysts, ligands and bases would allow 

us to enlarge the scope of the potential coupling partners for cyclobutanone 68 

including different vinyl bromides such as 356. Subsequent submission of compound 

357 to a hydride source (e.g., sodium borohydride) should fragment the 4-membered 

ring yielding aldehyde 321 while simultaneously skipping a low-yielding step (aldehyde 

oxidation) (Scheme 2.84).73 Finally, intramolecular Knoevenagel condensation will 

deliver cyclodecane 324 in 5 steps, which would represent an outstanding 

improvement. 

 
Scheme 2.84. Potential strategy to generate 324 in 5 steps  

Another important study to complete pertains to the mechanism of the 

cyclization involving β-alanine. We showed that only amino acids were able to promote 

this cyclization. A better understanding of the mechanism could ultimately lead to an 

overall improvement in the yield of this process. A screen of a large number of natural 
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and unnatural amino acids possessing different functionalities and various carbon chain 

lengths should be undertaken to determine a general reactivity pattern. 

Finally, once the synthesis of eleutherobin (12) is efficiently achieved – one that 

can ultimately lead to a sufficient amount of macrocycle – a structure-activity-

relationship study should be executed. Indeed, previous investigations showed that the 

modifications of the glycan can impact eleutherobin’s anticancer properties, especially 

in Taxol-resistant cell lines. As soon as a lead candidate is found, animal studies will 

give more insight into the potential use of eleutherobin (12) as future cancer 

therapeutic. 

2.6. Conclusion 

In conclusion, Chapter 2 has presented a thorough overview of our synthetic 

advances directed towards the total synthesis of eleutherobin (12). We have 

investigated numerous synthetic approaches that ultimately rewarded us with the 

delivery of eleutherobin’s macrocycle. Although most efforts were fruitless, each 

strategy paved the path to the final breakthrough. Hopefully, this significant progress 

will lay the groundwork for a near-term synthesis of this potentially important marine 

natural product (12). 
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2.7. Experimental 

General: 
All reactions described were performed under an atmosphere of dry argon using oven 

dried glassware. Tetrahydrofuran was distilled over Na/benzophenone and 

dichloromethane was dried by distillation over CaH2. All other solvents were used 

directly from EMD drysolv septum sealed bottles unless otherwise specified. Cold 

temperatures were maintained by the use of following reaction baths: -115 °C, EtOH-

N2(l); -78 °C, acetone-dry ice; temperatures between -40 °C to -20 °C were maintained 

with a Polyscience VLT-60A immersion chiller.  

All reagents and starting materials were purchased from Sigma Aldrich, Alfa Aesar, TCI 

America, Arcos or Carbosynth and were used without further purification. All solvents 

were purchased from Sigma Aldrich, EMD, Anachemia, Caledon, Fisher or ACP and 

used without further purification unless otherwise specified. 

Flash chromatography was carried out with 230-400 mesh silica gel (E. Merck, Silica 

Gel 60) following the technique described by Still. Thin layer chromatography was 

carried out on commercial aluminum backed silica gel 60 plates (E. Merck, type 5554, 

thickness 0.2 mm). Visualization of chromatograms was accomplished using ultraviolet 

light (254 nm) followed by heating the plate after staining with one of the following 

solutions: (a) p-anisaldehyde in sulphuric acid-ethanol mixture (5% anisaldehyde v/v 

and 5% sulphuric acid v/v in ethanol); (b) 1% potassium permanganate w/v, 6.6% 

potassium carbonate w/v, and 1% v/v 10% sodium hydroxide in water. Concentration 

and removal of trace solvents was done via a Büchi rotary evaporator using acetone-

dry-ice condenser and a Welch vacuum pump.  

Nuclear magnetic resonance (NMR) spectra were recorded using CDCl3 or CD3OD. 

Signal positions (δ) are given in parts per million from tetramethylsilane (δ 0) and were 

measured relative to the signal of the solvent (1H NMR: CDCl3: δ 7.26, CD3OD: δ 3.31, 

D2O: δ 4.79; 13C NMR: CDCl3: δ 77.16, CD3OD: δ 49.00). Coupling constants (J values) 

are given in Hertz (Hz) and are reported to the nearest 0.1 Hz. 1H NMR spectral data 

are tabulated in the order: multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet; br, broad), coupling constants, number of protons. Proton nuclear magnetic 

resonance (1H NMR) spectra were recorded on a Bruker Avance II 600 equipped with a 
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QNP or TCI cryoprobe (600 MHz), Varian Inova 500 (500 MHz), Bruker Avance III 500 

(500 MHz), or Bruker Avance III 400 (400 MHz). Carbon nuclear magnetic resonance 

(13C NMR) spectra were recorded on a Bruker Avance 600 equipped with a QNP or TCI 

cryoprobe (150 MHz), Bruker Avance III 500 (125 MHz), or Bruker Avance III 400 (100 

MHz). Assignments of 1H and 13C NMR spectra are based on analysis of 1H -1H COSY, 

HSQC, HMBC and nOe spectra. 

Infrared (IR) spectra were recorded on a MB-series Bomem/Hartman & Braun Fourier 

transform spectrophotometer with internal calibration as films between sodium chloride 

plates. Only selected, characteristic absorption data are provided for each compound. 

High resolution mass spectra were performed on an Agilent 6210 TOF LC/MS using 

ESI-MS technique.  

Optical rotation was measured on a Perkin Elmer 341 Polarimeter at 589 nm. 

Preparation of carboxylic acid 71 

 
A stirred solution of (DtBPD)PdCl2 (417 mg, 0.64 mmol), LiOtBu (36 mL, 36 mmol, 1M 

in THF) in toluene (21 mL) was purged 15 min with N2 prior to addition of aryl halide 69 

(3.92g, 12.4 mmol). The resulting reaction mixture was heated to 60 °C. After that, 

cyclobutanone 68 (2.87 g, 16.12 mmol) was added and the reaction mixture was heated 

for 4 hours at 60 °C. Then, at 0°C, the reaction mixture was diluted with EA and was 

quenched with a solution of 1M HCl until pH reached 2. The crude was directly used for 

the next step. 

The previous crude was taken up in t-BuOH (66 mL) and H2O (0.23 mL, 12.4 mmol). To 

this solution was added t-BuOK (2.78 g, 24.8 mmol). The resulting reaction mixture was 

stirred 2 h at rt. The reaction mixture was quenched with a solution of 1M HCl and 

further extracted with EA. The combined organic phases were washed with brine, dried 
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over anhydrous MgSO4, filtered, concentrated and the resulting crude product was 

purified by column chromatography (5% MeOH in DCM) to afford carboxylic acid 71 

(4.75 g, 68% over 2 steps) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 6.67–6.57 (m, 3H), 5.33 (br s, 1H), 3.72 (s, 3H), 2.88–2.76 

(m, 3H), 2.58 (dd, J = 3.6, 8.6 Hz, 1H), 2.14–1.85 (m, 5H), 1.42 (s, 3H), 0.99 (s, 9H), 

0.86 (d, J = 6.8 Hz, 3H), 0.81 (d, J = 6.7 Hz, 3H), 0.20 (s, 3H), 0.19 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 180.1, 153.7, 147.9, 136.4, 132.0, 121.0, 118.7, 116.6, 

112.0, 55.7, 46.6, 39.1, 36.7, 32.0, 28.2, 26.0, 25.8, 24.0, 22.9, 20.8, 18.4, 17.3, 3.9, -

4.1. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C25H44NO4Si 450.3034; Found 450.3035. 

IR (neat): ν 2967, 2843, 1688, 1664, 1505, 1237, 831 cm-1 

Preparation of tetralone 81 

 
To a stirred solution of carboxylic acid 71 (4.70 g, 10.9 mmol) in DCM (110 mL) under 

N2, was added DMF (75.8 µL, 0.98 mmol) followed by oxalyl chloride (2.81 mL, 32.7 

mmol). After bubbling subsided, the reaction was stirred 1 h at rt before the solvent was 

removed in vacuo. The acyl chloride was directly used in the next step. 

To an ice-cold solution (0 °C) of the previous crude in DCM (100 mL) was dropwise 

added SnCl4 (1.53 mL, 13.1 mmol). The resulting reaction mixture was stirred 90 min at 

0 °C. The reaction mixture was quenched with a solution of NaHCO3(aq), and further 

extracted with EA. The combined organic phases were washed with brine, dried over 

anhydrous MgSO4, filtered, concentrated and the resulting crude product was purified 

by column chromatography (15% Et2O in pentane) to afford tetralone 81 (3.56 g, 68% 

over 2 steps) as a colorless liquid. 
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1H NMR (400 MHz, CDCl3) δ 6.89 (d, J = 8.9 Hz, 1H), 6.70 (d, J = 8.9 Hz, 1H), 5.36 (br 

s, 1H), 3.83 (s, 3H), 2.98 (dd, J = 5.6, 17.5 Hz, 1H), 2.87 (dd, J = 8.0, 17.5 Hz, 1H), 

2.70–2.60 (m, 2H), 2.04–1.88 (m, 3H), 1.66 (s, 3H), 1.60 (m, 1H), 1.02 (s, 9H), 0.91 (d, 

J = 6.7 Hz, 3H), 0.88 (d, J = 6.9 Hz, 3H), 0.22 (s, 3H), 0.19 (s, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C25H42NO3Si 432.2928; Found 432.2932. 

Preparation of diketone 65 

 
A solution of PIFA (460 mg, 1.07 mmol) in DCM (3 mL) was dropwise added to a stirred 

solution of the previous crude in THF (8.2 mL) and ethylene glycol (68.2 µL, 1.23 mmol) 

at 0 °C and was stirred at rt for 3 h. The reaction mixture was quenched with a solution 

of H2O and further extracted with Et2O. The combined organic phases were washed 

with brine, dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (10% EA in pentane) to afford diketone 
65 (146 mg, 54% over 2 steps) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 6.59 (d, J = 10.1 Hz, 1H), 6.20 (d, J = 10.1 Hz, 1H), 5.42 

(br s, 1H), 4.56–4.48 (m, 1H), 4.43–4.35 (m, 1H), 4.19–4.10 (m, 2H), 2.88 (dd, J = 5.5, 

19.5 Hz, 1H), 2.67–2.59 (m, 1H), 2.55–2.46 (m, 2H), 2.07–1.84 (m, 2H), 1.67 (s, 3H), 

1.63–1.56 (m, 1H), 1.55 (s, 1H), 0.90 (d, J = 2.3 Hz, 3H), 0.88 (d, J = 2.4 Hz, 3H). 

13C NMR (125 MHz, CDCl3): δ 201.4, 186.8, 145.5, 145.0, 139.2, 134.4, 126.4, 122.5, 

99.5, 67.3, 66.6, 50.8, 36.2, 36.1, 28.2, 25.9, 24.5, 21.5, 21.2, 16.7. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C20H28NO4 346.2013; Found 346.2011. 

IR (neat): ν 2965, 2895, 1681, 1159, 978 cm-1 
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Preparation of tertiary alcohols 64 and 94 

 
Methyl lithium (1.0 mL, 1.6 mmol, 1.6M in Et2O) was added to a stirred solution of 

ketone 65 (493 mg, 1.5 mmol) in THF (15 mL) at -78 °C and stirred for 15 min. The 

reaction mixture was quenched with a solution of NH4Cl(aq) and further extracted with 

EA. The combined organic phases were washed with brine, dried over anhydrous 

MgSO4, filtered, concentrated and the resulting crude product was purified by column 

chromatography (15% EA in hexanes) to afford 64 (176 mg, 34%) and 94 (264 mg, 

51%) (dr. 1:1.6) as a colorless liquid. 

Data for 94: 

1H NMR (500 MHz, CDCl3): δ 5.96 (d, J = 10.0 Hz, 1H), 5.70 (d, J = 10.0 Hz, 1H), 5.41 

(m, 1H), 4.43 – 4.37 (m, 1H), 4.33–4.28 (m, 1H), 4.09–4.02 (m, 2H), 2.81 – 2.63 (m, 

3H), 2.48 (dd, J = 8.5 Hz, 4.7 Hz, 1H), 2.04–1.95 (m, 2H), 1.93 – 1.83 (m, 1H), 1.70 (s, 

3H), 1.62 (m, 1H) 1.42 (s, 3H), 0.9 (d, J = 6.8 Hz, 3H), 0.89 (d, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, CDCl3): δ 200.3, 159.6, 134.3, 134.2, 129.8, 128.0, 122.9, 100.4, 

68.1, 67.0, 66.2, 50.4, 36.9, 36.6, 27.9, 27.6, 27.5, 24.5, 21.5, 21.2, 17.5. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C21H32NO4 362.2326; Found 362.2329. 

IR (neat): ν 3398, 2949, 1677, 1669, 1163, 965 cm-1 

Data for 64: 

1H NMR (500 MHz, CDCl3): δ 5.90 (d, J = 10.0 Hz, 1H), 5.67 (d, J = 10.0 Hz, 1H), 5.41 

(m, 1H), 4.41 (m, 1H), 4.31–4.26 (m, 1H), 4.08–4.02 (m, 2H), 3.07 (dd, J = 5.6, 19.0 Hz, 

1H), 2.56 (m, 1H), 2.42 (dd, J = 4.7, 10.7 Hz, 1H), 2.34 (dd, J = 10.2, 19.0 Hz, 1H), 2.31 

(s, 1H), 2.02 (m, 1H), 1.93 – 1.84 (m, 2H), 1.72 (d, J = 1.1 Hz, 3H), 1.37 (s, 3H), 0.88 

(d, J = 6.8 Hz, 3H), 0.87 (d, J = 7.0 Hz, 3H). 
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13C NMR (101 MHz, CDCl3): δ 200.4, 159.9, 135.1, 133.8, 129.2, 127.8, 121.9, 100.6, 

67.6, 67.0, 66.2, 50.5, 37.5, 35.5, 28.1, 27.9, 26.9, 24.7, 21.6, 21.4, 16.1. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C21H32NO4 362.2326; Found 362.2325 

IR (neat): ν 3418, 2952, 2893, 1665, 1167, 959 cm-1 

Preparation of carboxylic acid 462 

 
Using the same procedure depicted previously for 71, the resulting crude product was 

purified by column chromatography (100% DCM) to afford carboxylic acid 462 (43% 

over 2 steps) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 6.93 (d, J = 7.9 Hz, 1H), 6.60–6.55 (m, 2H), 5.37 (br s, 

1H), 2.91–2.81 (m, 1H), 2.70–2.59 (m, 3H), 2.20 (s, 3H), 2.15–2.03 (m, 2H), 1.96–1.82 

(m, 2H), 1.27 (s, 3H), 0.96 (s, 9H), 0.91 (d, J = 6.9 Hz, 3H), 0.78 (d, J = 6.8 Hz, 3H), 

0.15 (s, 6H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C25H44NO3Si 434.3085; Found 434.3086. 

Preparation of tetralone 96 

 
Using the same procedure depicted previously for 81, the resulting crude product was 

purified by column chromatography (5% EA in pentane) to afford phenol 96 (71% over 2 

steps) as a colorless liquid. 



112 

1H NMR (400 MHz, CDCl3) δ 12.57 (s, 1H), 7.25 (d, J = 8.4 Hz, 1H), 6.73 (d, J = 8.4 Hz, 

1H), 5.42 (br s, 1H), 2.95 (dd, J = 4.7, 17.3 Hz, 1H), 2.84 (dd, J = 7.9, 17.3 Hz, 1H), 

2.76–2.69 (m, 2H), 2.20 (s, 3H), 2.14–2.05 (m, 1H), 2.04–1.92 (m, 2H), 1.69 (s, 3H), 

1.60 (m, 1H), 0.98 (d, J = 6.7 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C19H28NO2 302.2115; Found 302.2116. 

Preparation of tetralone 124 

 
Potassium carbonate (0.58 g, 4.2 mmol) and MeI (1.04 mL, 16.8 mmol) were added to 

a stirred solution of tetralone 96 (300 mg, 1.05 mmol) in dry acetone (8.4 mL). The 

reaction was stirred at 70 °C for 24 h. The reaction mixture was quenched with a 

solution of NH4Cl(aq) and further extracted with DCM. The combined organic phases 

were washed with brine, dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (16% EA in hexane) to 

afford tetralone 124 (240 mg, 70 %) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.3 Hz, 1H), 6.74 (d, J = 8.3 Hz, 1H), 5.38 (br 

s, 1H), 3.85 (s, 3H), 2.98 (dd, J = 8.8, 16.6 Hz, 1H), 2.80–2.67 (m, 2H), 2.63 (dd, J = 

4.5, 9.1 Hz, 1H), 2.21 (s, 3H), 2.03–1.88 (m, 3H), 1.69 (s, 3H), 1.63–1.57 (m, 1H), 0.91 

(d, J = 6.7 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C20H30NO2 316.2271; Found 316.2266. 

Preparation of diketone 141 

 
mCPBA (1.53 g, 6.83 mmol) was added to a stirred solution of diene 131 (1.61 g, 7.09 

mmol) in methanol (160 mL) at rt and was stirred 1 h. The reaction mixture was 
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quenched with a solution of Na2S2O3(aq) and further extracted with EA. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product was dissolved in THF (160 mL). A 1M HCl 

solution (30 mL) was added, and the resulting mixture was stirred for 1 h. The reaction 

mixture was quenched with a solution of pH 7 buffer and further extracted with EA. The 

combined organic phases were washed with brine, dried over anhydrous MgSO4, 

filtered, concentrated and the resulting crude product was purified by column 

chromatography (15% EA in hexanes) to afford tertiary alcohol 141 (731 mg, 53 %) as a 

colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 6.42 (dt, J = 2.2, 10.1 Hz, 1H), 5.94 (ddd, J = 3.1, 4.1, 

10.1 Hz, 1H), 3.31 (ddd, J = 2.3, 4.1, 22.2 Hz, 1H), 2.85 (dt, J = 2.3, 3.1, 22.2 Hz, 1H), 

2.71 (s, 1H), 2.69–2.59 (m, 1H), 2.35 (m, 1H), 2.25–2.07 (m, 2H), 2.04–1.93 (m, 2H), 

1.21 (s, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C11H18NO3 212.1281; Found 212.1281. 

Preparation of diketone 143 

 
mCPBA (1.68 g, 9.72 mmol) was added to a stirred solution of diketone 141 (0.63 g, 3.2 

mmol) in DCM (63 mL) at rt and was stirred for 48 h. The reaction mixture was 

quenched with a solution of Na2S2O3(aq) and further extracted with DCM. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product was purified by column chromatography 

(25% EA in hexanes) to afford tertiary alcohol 143 (365 mg, 54 %) as a colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 6.87 (dd, J = 5.6, 10.3 Hz, 1H), 6.17 (d, J = 10.3 Hz, 1H), 

5.30 (d, J = 2.5 Hz, 1H), 4.61 (d, J = 5.1 Hz, 1H), 4.40 (s, 1H), 2.68 (ddd, J = 7.2, 13.6, 

15.1 Hz, 1H), 2.39 (ddt, J = 1.7, 5.0, 15.3 Hz, 1H), 2.24 (m, 1H), 2.12 (m, 1H), 2.05–

1.98 (m, 1H), 1.90 (m, 1H). 
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HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C11H18NO4 228.1230; Found 228.1235. 

Preparation of triol 144 

 
MeMgBr (400 µL, 0.71 mmol, 1.7M in THF) was added to a stirred solution of diketone 

143 (50 mg, 0.238 mmol) in THF (3.5 mL) at -78 °C and stirred for 1 h. The reaction 

mixture was quenched with a solution of NH4Cl(aq) and further extracted with EA. The 

combined organic phases were washed with brine, dried over anhydrous MgSO4, 

filtered, concentrated and the resulting crude product was purified by column 

chromatography (1% DCM in MeOH) to afford tertiary alcohol 144 (24 mg, 45 %) as a 

colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 5.92 (dd, J = 5.7, 10.2 Hz, 1H), 5.76 (d, J = 10.2 Hz, 1H), 

4.90 (br s, 1H), 4.38 (br s, 1H), 4.37 (d, J = 5.7 Hz, 1H), 2.67 (ddd, J = 7.3, 13.4, 14.9 

Hz, 1H), 2.33 (ddt, J = 1.8, 4.8, 15.2 Hz, 1H), 2.31–2.21 (m, 1H), 2.21–2.14 (m, 1H), 

1.98–1.89 (m, H), 1.82 (m, 1H), 1.37 (s, 3H), 1.27 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 214.6, 135.6, 124.3, 80.1, 69.6, 63.1, 54.3, 37.5, 25.7, 

25.0, 21.8, 20.0. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C12H22NO4 244.1543; Found 244.1545. 

Preparation of diketone 139 

 
TPAP (40 mg, 0.11 mmol), NMO (153 mg, 1.3 mmol) and 4Å MS (25 mg) were added 

to a stirred solution of triol 144 (58 mg, 0.26 mmol) in DCM at rt and stirred overnight. 

The reaction mixture was filtered through a pad of silica and flushed with DCM/MeOH 
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(10/1). The filtrate was concentrated, and the resulting crude product was purified by 

column chromatography (5% DCM in MeOH) to afford diketone 139 (24 mg, 45 %) as a 

colorless liquid. 

1H NMR (600 MHz, CDCl3) δ 6.51 (dd, J = 10.3 Hz, 1H), 6.02 (d, J = 10.3 Hz, 1H), 2.79 

(dt, J = 7.8, 13.2, 1H), 2.49 (ddd, J = 6.2, 13.3, 14.1 Hz, 1H), 2.32 (m, 1H), 2.13–2.00 

(m, 2H), 1.87 (m, 1H), 1.67 (s, 3H), 1.50 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 206.8, 195.5, 147.1, 128.3, 81.0, 72.4, 63.2, 36.7, 25.3, 

24.5, 23.9, 20.6. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C12H20NO4 242.1387; Found 242.1387. 

Preparation of lactone 148 

 
NaH (1.6 mg, 66.9 µmol) was added to a stirred solution of diketone 139 (15 mg, 66.9 

µmol) in THF (1.5 mL) at 0 °C and stirred for 90 min. The reaction mixture was 

quenched with H2O and further extracted with EA. The combined organic phases were 

washed with brine, dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (5% MeOH in DCM) to 

afford lactone 148 (9.3 mg, 62 %) both as colorless liquids. 

1H NMR (600 MHz, CDCl3) δ 7.57 (d, J = 5.7 Hz, 1H), 6.13 (d, J = 5.7 Hz, 1H), 2.64 (q, 

J = 7.3 Hz, 1H), 2.51 (m, 1H), 2.24 (m, 1H), 2.05–1.98 (m, 1H), 1.93–1.86 (m, 2H), 1.51 

(s, 3H), 1.32 (d, J = 7.3 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 213.2, 172.4, 160.0, 121.2, 91.9, 79.6, 54.4, 36.1, 24.4, 

19.6, 18.7, 15.0. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C12H20NO4 242.1387; Found 242.1383. 
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Preparation of carboxylic acid 463 

 
Using the same procedure depicted previously for 71, the resulting crude product was 

purified by column chromatography (100% DCM) to afford carboxylic acid 463 (72% 

over 2 steps) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 7.12 (dt, J = 1.7, 8.1 Hz, 1H), 7.09 (dd, J = 1.7, 7.5 Hz, 

1H), 6.82 (dt, J = 1.1, 7.5 Hz, 1H), 6.78 (dd, J = 1.1, 8.1 Hz, 1H), 5.34 (br s, 1H), 3.76 

(s, 3H), 3.02 (dd, J = 5.3, 12.4, 1H), 2.80–2.68 (m, 2H), 2.15–1.96 (m, 3H), 1.93–1.84 

(m, 1H), 1.45 (s, 3H), 1.26 (m, 1H), 0.87 (d, J = 6.6 Hz, 3H), 0.80 (d, J = 6.6 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C19H30NO3 320.2220; Found 320.2221. 

Preparation of tetralone 124 

 
To a stirred solution of carboxylic acid 463 (2.26 g, 7.47 mmol) in DCM (104 mL) under 

N2, was added DMF (60 µL, 0.75 mmol) followed by oxalyl chloride (1.95 mL, 28.4 

mmol). After bubbling subsided, the reaction was stirred 1 h at rt before the solvent was 

removed in vacuo. The acyl chloride was directly used in the next step. 

To an ice-cold solution (0 °C) of the previous crude in DCM (180 mL) was portion wise 

added AlCl3 (1.1 g, 8.22 mmol). The resulting reaction mixture was stirred 5 min at 0 °C. 

The reaction mixture was quenched with an ice-cold water and pH was set to 7 using a 

solution of NaHCO3(aq), and further extracted with EA. The combined organic phases 

were dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 
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product was purified by column chromatography (1% Et2O and 0.5% NEt3 in hexanes) 

to afford tetralone 124 (1.72 g, 67% over 2 steps) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 7.9 Hz, 1H), 7.26 (dd, J = 7.9, 8.1 Hz, 1H), 

7.01 (d, J = 8.1 Hz, 1H), 5.40 (br s, 1H), 3.87 (s, 3H), 3.10 (dd, J = 5.2, 17.7 Hz, 1H), 

2.86 (dd, J = 8.6, 17.7 Hz, 1H), 2.72 (m, 1H), 2.68 (dd, J = 4.3, 8.6 Hz, 1H), 2.11–2.01 

(m, 2H), 1.98–1.91 (m, 1H), 1.70 (s, 3H), 1.56 (m, 1H), 0.95 (d, J = 6.7 Hz, 3H), 0.86 (d, 

J = 6.8 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 199.6, 156.9, 136.3, 134.6, 128.7, 128.5, 122.3, 119.5, 

115.0, 55.8, 50.1, 39.9, 38.9, 29.6, 27.7, 26.5, 21.7, 21.0, 18.8. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C19H28NO2 302.2115; Found 302.2118. 

Preparation of triene 154 

 
A dried 3-neck RBF was fitted with a cold finger and a stir bar. Tert-butanol (416 µL, 4.5 

mmol) was added to a stirred solution of tetralone 124 (1.28 g, 4.50 mmol) in Et2O (8 

mL). At -78 °C, NH3(g) (35 mL), was slowly condensed in the cold finger and was 

dropwise added to the reaction mixture. Potassium metal (0.77 g, 19.8 mmol) was 

added piece by piece in the reaction mixture. Solution turned blue, then yellow. Once all 

potassium was added, reaction was stirred 20 min at -78 °C. Flame-dried lithium 

bromide (0.84 g, 9.9 mmol) was added, and the reaction was stirred for 30 min. Finally, 

MeI (561 µL, 9.0 mmol) was added and the reaction mixture was stirred for 15 min 

more. The RBF was then left to stir at room temperature in the back of the fume hood 

until the ammonia was completely evaporated. After that, reaction mixture was diluted 

with Et2O and quenched with H2O. The pH of the solution was carefully adjusted with a 

solution of NaHCO3(aq) till it reached pH 7 and further extracted with Et2O. The 

combined organic phases were dried over anhydrous MgSO4, filtered, concentrated and 

the resulting crude product was purified by column chromatography (0.5% Et2O and 

0.5% NEt3 in hexanes) to afford triene 154 (889 mg, 66%) as a colorless liquid. 
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1H NMR (600 MHz, C6D6) δ 6.36 (td, J = 2.0, 10.0 Hz, 1H), 5.43 (ddd, J = 3.2, 4.5, 10.0 

Hz, 1H), 5.26 (br s, 1H), 3.38 (dd, J = 4.5, 14.9 Hz, 1H), 3.13 (s, 3H), 2.71 (t, J = 5.4 Hz, 

1H), 2.48 (m, 1H), 2.42 (m, 2H), 2.30 (m, 1H), 2.25 (m, 1H), 2.13 (m, 1H), 1.83–1.79 

(m, 1H), 1.77 (s, 3H), 1.51 (m, 1H), 1.30 (s, 3H), 0.90 (d, J = 6.6 Hz, 3H), 0.80 (d, J = 

6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 214.7, 146.2, 134.9, 130.0, 122.3, 121.2, 115.2, 55.9, 

51.1, 49.2, 38.1, 35.6, 29.0, 28.2, 25.8, 24.7, 23.9, 21.3, 21.0, 19.6. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C20H32NO2 318.2428; Found 318.2427. 

Preparation of diketone 159 

 
MMPP (182 mg, 372 µmol) was added to a stirred solution of triene 154 (124 mg, 413 

µmol) in MeOH (8.4 mL) and pH 7 buffer solution (1.7 mL) at rt and the reaction was 

stirred for 45 min. The reaction mixture was quenched with an ice-cold water and pH 

was set to 7 using a solution of Na2S2O3(aq), and further extracted with EA. The 

combined organic phases were dried over anhydrous MgSO4, filtered, concentrated and 

the resulting crude was dissolved in THF (5 mL). A 1M HCl solution (5 mL) was added, 

and the resulting mixture was stirred for 1 h. The reaction mixture was quenched with a 

solution of pH 7 buffer and further extracted with EA. The combined organic phases 

were washed with brine, dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (10% Et2O in hexanes) 

to afford diketone 159 (90 mg, 72 %) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 5.75 (td, J = 3.5, 10.0 Hz, 1H), 5.62 (ddd, J = 1.4, 2.4, 

10.0 Hz, 1H), 5.47 (br s, 1H), 3.27 (dt, J = 3.0, 22.2 Hz, 1H), 3.06 (ddd, J = 1.3, 3.5, 

22.2 Hz, 1H), 2.83 (m, 1H), 2.68 (dd, J = 5.5, 12.2 Hz, 1H), 2.42 (t, J = 12.9 Hz, 1H), 

2.11 (m, 1H), 1.99 (m, 1H), 1.83 (m, 1H), 1.71 (dd, J = 3.5, 13.2 Hz, 1H), 1.66 (s, 3H), 

1.57 (m, 1H), 1.43 (s, 1H), 1.01 (s, 3H), 0.92 (d, J = 7.0 Hz, 3H), 0.88 (d, J = 6.7 Hz, 

3H). 
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13C NMR (151 MHz, CDCl3) δ 210.8, 209.0, 134.6, 132.0, 123.1, 122.2, 81.4, 57.5, 

53.5, 37.8, 37.7, 36.3, 34.1, 28.9, 23.7, 21.6, 21.5, 19.6, 15.0. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C19H30NO3 320.2220; Found 320.2220. 

Preparation of triketone 162 

 
To a solution of diketone 159 (10 mg, 50 µmol) in DCM (1 mL) at °C were added 4Å MS 

(30 mg), VO(acac)2 (2.7 mg, 10 µmol) and t-BuOH (36 µL, 200 µmol). The reaction was 

warmed up to rt and stirred 1 h. The reaction mixture was quenched with a solution of 

Na2SO3(aq) and further extracted with EA. The combined organic phases were washed 

with brine, dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (30% EA in hexanes) to afford 

triketone 162 (2 mg, 20%) as a colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 6.97 (d, J = 10.6 Hz, 1H), 6.49 (d, J = 10.6 Hz, 1H), 5.46 

(br s, 1H), 3.71 (s, 1H), 2.85 (m, 2H), 2.34 (t, J = 13.3 Hz, 1H), 2.02 (m, 1H), 1.87 (m, 

2H), 1.73 (dd, J = 3.8, 13.7 Hz, 1H), 1.64 (s, 3H), 1.55 (m, 1H), 1.28 (s, 3H), 0.94 (d, J = 

7.1 Hz, 3H), 0.91 (d, J = 6.7 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C19H25O4 317.1747; Found 317.1743. 

Preparation of enone 170 

 
DBU (50 µL, 0.34 mmol) was added to a stirred solution of diketone 159 (30 mg, 0.11 

mmol) in DCM (4 mL) at rt and stirred for 15 min. The reaction mixture was quenched 

with a solution of Na2H2PO4(aq) and further extracted with DCM. The combined organic 
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phases were washed with brine, dried over anhydrous MgSO4, filtered, concentrated 

and the resulting crude product was purified by column chromatography (25% Et2O in 

hexanes) to afford alcohol enone 170 (27 mg, 90%) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 6.89 (ddd, J = 2.4, 5.5, 10.1 Hz, 1H), 6.17 (ddd, J = 0.7, 

3.2, 10.1 Hz, 1H), 5.50 (br s, 1H), 3.01–2.90 (m, 2H), 2.75 (dd, J = 6.3, 11.4 Hz, 1H), 

2.28 (dd, J = 5.5, 19.8 Hz, 1H), 2.07–1.96 (m, 3H), 1.89–1.81 (m, 2H), 1.74 (dd, J = 4.2, 

13.7 Hz, 1H), 1.66 (s, 3H), 1.54 (m, 1H), 1.12 (s, 3H), 0.95 (d, J = 7.0 Hz, 3H), 0.92 (d, 

J = 6.7 Hz, 3H). 

13C NMR (101 MHz, CDCl3): δ 211.7, 200.2, 148.1, 134.5, 126.2, 122.5, 79.1, 53.8, 

52.8, 40.0, 36.8, 34.8, 34.2, 28.5, 24.6, 21.8, 21.6, 16.3, 15.7. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C19H27O3 303.1955; Found 303.1956. 

Preparation of diazonium 166 

 
Para-acetamidobenzenesulfonyl azide (5.4 mg, 23 µmol) was added to a stirred 

solution of diketone 159 (5.7 mg, 19 µmol) in MeCN (150 µL) at rt. DBU (3.30 µL, 26.3 

µmol) was added dropwise. After 5 min, TLC showed complete disappearance of 

starting material and the reaction mixture was concentrated in vacuo. The crude was 

dissolved in DCM and purified by column chromatography (20% Et2O in hexanes) to 

afford α-diazocarbonyl 166 (6.1 mg, 100 %) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 6.14 (d, J = 10.0 Hz, 1H), 5.46 (br s, 1H), 5.25 (d, J = 10.0 

Hz, 1H), 3.63 (s, 1H), 2.83–2.75 (m, 1H), 2.66 (dd, J = 5.5, 12.2 Hz, 1H), 2.20 (t, J = 

13.2 Hz, 1H), 2.11–1.92 (m, 2H), 1.87–1.76 (m, 1H), 1.67 (m, 1H), 1.65 (s, 3H), 1.57 

(m, 1H), 1.12 (s, 3H), 0.92 (d, J = 7.0 Hz, 3H), 0.89 (d, J = 6.7 Hz, 3H). 
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Preparation of triene 174 

 
N-butyllithium (47.3 µL, 0.12 mmol, 2.5M in hexanes) was added to a stirred solution of 

diisopropylamine (18.6 µL, 0.13 mmol) in THF (1.4 mL) at -78 °C and stirred for 30 min. 

Diketone 159 (14.3 mg, 47.3 µmol) in THF (0.5 mL) was dropwise added to the reaction 

mixture. Right after, TESCl (19.8 µL, 0.12 mmol) was added too. The reaction was 

allowed to warm up to rt and stirred 30 min. The reaction mixture was quenched by 

pouring it into a solution of NH4Cl(aq) and further extracted with Et2O. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product 174 was used directly into the next step. 

1H NMR (400 MHz, CDCl3) δ 5.71 (dd, J = 6.2, 9.5 Hz, 1H), 5.44 (br s, 1H), 5.22 (d, J = 

9.5 Hz, 1H), 4.99 (d, J = 6.2 Hz, 1H), 2.59–2.47 (m, 2H), 2.19 (m, 1H), 2.08 (t, J = 13.7 

Hz, 1H), 1.98–1.87 (m, 2H), 1.78 (m, 1H), 1.67 (s, 3H), 1.62 (m, 1H), 1.15 (s, 3H), 1.00 

(t, J = 7.9 Hz, 9H), 0.91 (t, J = 7.9 Hz, 9H), 0.89 (d, J = 7.0 Hz, 3H), 0.86 (d, J = 6.7 Hz, 

3H), 0.85–0.79 (m, 6H), 0.74–0.56 (m, 6H). 

Preparation of cyclobutanone 185 

 
Lithium hexamethyldisilane (3.64 mL, 3.64 mmol, 1M in THF) was added to a stirred 

solution of cyclobutanone 68 in THF (40 mL) at -78 °C and stirred for 30 min. Then, 

methacrolein 184 (0.29 g, 4.2 mmol) in THF (10 mL) was dropwise added to the 

reaction mixture at the same temperature and stirred for 2 h. The reaction mixture was 

quenched with a solution of NH4Cl(aq) and further extracted with EA. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product was purified by column chromatography 
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(25% Et2O in hexanes) to afford alcohol 185 (0.38 g, 54%) as a mixture of 

diastereoisomers (1:1) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 5.55 (br s, 1H), 5.05 (s, 1H), 4.95 (s, 1H), 4.30 (dd, J = 

3.0, 7.7 Hz, 1H), 3.29 (dt, J = 2.8, 8.9 Hz, 1H), 3.22 (m, 1H), 2.56–2.49 (m, 2H), 2.05 

(m, 1H), 1.79 (m, 1H), 1.77 (s, 3H), 1.70 (m, 1H), 1.65 (s, 3H), 1.63 (m, 1H), 0.94 (d, J = 

6.7 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ 213.3, 144.4, 133.6, 123.0, 113.6, 76.7, 67.8, 58.8, 38.7, 

32.4, 30.8, 25.0, 21.3, 20.9, 19.3, 17.5. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C16H25O2 249.1849; Found 249.1850. 

Preparation of diketone 183 

 
Dess-Martin periodinane (768 mg, 1.81 mmol) was added to a stirred solution of alcohol 

185 (376 mg, 1.51 mmol) in DCM (15 mL) at rt and stirred for 30 min. The reaction 

mixture was quenched with a 1/3:1/3:1/3 mixture of H2O/NaHCO3(aq)/Na2S2O3(aq) and 

further extracted with EA. The combined organic phases were washed with brine, dried 

over anhydrous MgSO4, filtered, concentrated and the resulting crude product was 

purified by column chromatography (5% Et2O in hexanes) to afford diketone 183 (244 

mg, 66%) as a colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 6.12 (s, 1H), 6.03 (s, 1H), 5.58 (br s, 1H), 4.52 (dd, J = 

2.3, 5.8 Hz, 1H), 3.44 (m, 1H) 3.37 (m, 1H), 2.12 (m, 1H), 1.92 (s, 3H), 1.82 (m, 1H), 

1.69 (m, 2H), 1.65 (s, 3H), 0.94 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.4 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C16H26NO2 264.1958; Found 264.1953. 
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Preparation of enone 186 

 
NaOMe (4.7 mg, 87 µmol) was added to a stirred solution of diketone 183 (214 mg, 870 

µmol) in MeOH (43 mL) at 0 °C for 5 min. The reaction mixture was quenched with 

AcOH, and further extracted with EA. The combined organic phases were washed with 

brine, dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (10% Et2O in hexanes) to afford ester 
186 (240 mg, 99%) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 5.95 (s, 1H), 5.72 (s, 1H), 5.42 (br s, 1H), 3.55 (d, 3H), 

3.26 (dd, J = 8.6, 18.2 Hz, 1H), 3.12 (m, 1H), 2.63 (dd, J = 4.8, 11.0 Hz, 1H), 2.48 (dd, J 

= 2.5, 18.2 Hz, 1H), 1.97 (m, 1H), 1.90 (m, H), 1.87 (s, 3H), 1.86–1.76 (m, 2H), 1.64 (s, 

3H), 0.90 (d, J = 6.8 Hz, 3H), 0.73 (d, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ 200.3, 172.1, 143.5, 132.4, 124.7, 123.0, 51.2, 45.6, 

40.0, 39.1, 37.2, 28.1, 23.8, 22.1, 20.5, 18.8, 18.0. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C17H27O3 279.1955; Found 279.1956. 

Preparation of methyl ester 187 

 
NaBH4 (48 mg, 0.8 mmol) was added to a stirred solution of enone 186 (113 mg, 0.40 

mmol) and CeCl3.7H2O (287 mg, 0.60 mmol) in MeOH (8.0 mL) at 0 °C and stirred for 

15 min. The reaction mixture was quenched with H2O, and further extracted with EA. 

The combined organic phases were washed with brine, dried over anhydrous MgSO4, 
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filtered, concentrated and the resulting crude product was used directly into the next 

step. 

TBSOTf (122 µL, 0.40 mmol) was added to a stirred solution of the corresponding allylic 

alcohol (113 mg, 0.40 mmol) and lutidine (70 µL, 0.6 mmol) in DCM (8 mL) at 0 °C and 

stirred for 30 min. The reaction mixture was quenched with NH4Cl(aq), and further 

extracted with DCM. The combined organic phases were washed with brine, dried over 

anhydrous MgSO4, filtered, concentrated and the resulting crude product was purified 

by column chromatography (1% Et2O in hexanes) to afford ester 187 (139 mg, 87% 

over 2 steps) as colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 5.31 (br s, 1H), 4.79 (s, 2H), 4.00 (s, 3H), 3.67 (t, J = 7.2 

Hz, 1H), 2.62 (dd, J = 4.7, 9.6 Hz, 1H), 2.22 (q, J = 5.2 Hz, 1H), 2.00–1.76 (m, 5H), 1.70 

(s, 3H), 1.67 (s, 3H), 1.49 (ddd, J = 5.1, 7.2, 14.1 Hz, 1H), 0.89 (d, J = 6.9 Hz, 3H), 0.88 

(s, 9H), 0.73 (d, J = 6.8 Hz, 3H), 0.06 (s, 3H), 0.00 (s, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C23H43O3Si 395.2976; Found 395.2977. 

Preparation of alcohol 188 

 
Lithium aluminum hydride (0.64 mL, 0.64 mmol, 1M solution in THF) was added to a 

stirred solution of ester 187 (126 g, 0.32 mmol) in THF (3.6 mL) at 0 °C and stirred for 2 

h. At 0 °C, 24.2 µL of H2O was added followed by 24.2 µL of NaOH(aq) (15%) and 72.6 

µL of H2O. The reaction was allowed to warm up to room temperature and stirred 15 

min. Magnesium sulfate was added to the reaction mixture and left to stir for another 30 

min.  The reaction mixture was filtered and concentrated to obtain the crude alcohol as 

a pale-yellow liquid. The resulting crude product was purified by column 

chromatography (5% Et2O in hexanes) to afford primary alcohol 188 (81 mg, 69%) as a 

colorless liquid.  
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1H NMR (400 MHz, CDCl3) δ 5.31 (br s, 1H), 4.92 (s, 1H), 4.79 (s, 1H), 4.30 (dd, J = 

2.9, 10.9 Hz, 1H), 3.78 (dt, J = 5.9, 11.7 Hz, 1H), 3.63 (m, 1H), 3.37 (dd, J = 3.0, 11.0 

Hz, 1H), 2.28 (m, 1H), 1.92–1.80 (m, 3H), 1.78 (s, 3H), 1.72 (s, 3H), 1.69 (m, 1H), 1.39–

1.23 (m, 3H), 0.94 (s, 9H), 0.86 (d, J = 6.9 Hz, 3H), 0.78 (d, J = 6.8 Hz, 3H), 0.14 (s, 

3H), 0.08 (s, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C22H43O2Si 367.3027; Found 367.3023. 

Preparation of aldehyde 189 

 
Dess-Martin periodinane (114 mg, 0.27 mmol) was added to a stirred solution of alcohol 

188 (76 mg, 0.21 mmol) and NaHCO3 (70 mg, 0.83 mmol) in DCM (2.1 mL) at rt and 

stirred for 30 min. The reaction mixture was quenched with a 1/3:1/3:1/3 mixture of 

H2O/NaHCO3(aq)/Na2S2O3(aq) and further extracted with EA. The combined organic 

phases were washed with brine, dried over anhydrous MgSO4, filtered, concentrated 

and the resulting crude product was purified by column chromatography (15% Et2O in 

hexanes) to afford aldehyde 189 (51 mg, 61%) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 9.80 (s, 1H), 5.38 (br s, 1H), 4.86 (s, 1H), 4.82 (s, 1H), 

4.11 (t, J = 7.1 Hz, 1H), 2.53 (m, 1H), 2.23 (m, 1H), 2.03 (m, 1H), 1.92 (m, 1H), 1.83–

1.75 (m, 2H), 1.73 (s, 3H), 1.71 (m, 1H), 1.68 (s, 3H), 0.90 (d, J = 6.6 Hz, 3H), 0.87 (s, 

9H), 0.82 (d, J = 6.5 Hz, 3H), 0.03 (s, 3H), 0.00 (s, 3H). 
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Preparation of bromo cyano alkenes 199 and 200 

 
Phosphonate 198 (10.2 mg, 40 µmol), LiCl (1.3 mg, 30 µmol) and DBU (3.7mg, 24 

µmol) were successively added to a stirred solution of aldehyde 189 (7.3 mg, 20 µmol) 

in MeCN (0.2 mL) at 0 °C and stirred for 2h. The reaction mixture was quenched with 

H2O and further extracted with EA. The combined organic phases were washed with 

brine, dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (3 times) (0.5% Et2O in hexanes) to 

afford unsaturated nitrile 199 (2.3 mg, 25%) and 200 (4.6 mg, 50%) both as colorless 

liquids. 

Data for 199: 

1H NMR (500 MHz, CDCl3) δ 7.02 (d, J = 9.9 Hz, 1H), 5.38 (br s, 1H), 4.92 (br s, 1H), 

4.87 (br s, 1H), 4.03 (dd, J = 5.5, 9.4 Hz, 1H), 3.0 (m, 1H), 2.03 (m, 1H), 1.95 (m, 2H), 

1.82 (ddd, J = 4.2, 9.4, 13.9 Hz, 1H), 1.68 (s, 6H), 1.56 (m, 1H), 1.41 (m, 1H), 1.28 

(ddd, J = 5.6, 9.7, 14.7 Hz, 1H), 0.92 (d, J = 6.7 Hz, 3H), 0.88 (s, 9H), 0.82 (d, J = 6.6 

Hz, 3H), 0.06 (s, 3H), 0.02 (s, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C24H41BrNOSi 466.2135; Found 466.2137. 

Data for 200: 

1H NMR (500 MHz, CDCl3) δ 5.93 (d, J = 11.2 Hz, 1H), 5.37 (br s, 1H), 4.94 (br s, 1H), 

4.88 (br s, 1H), 4.11 (dd, J = 5.6, 9.3 Hz, 1H), 2.96 (m, 1H), 2.04 (m, 1H), 1.96 (m, 2H), 

1.78 (ddd, J = 3.8, 9.4, 13.8 Hz, 1H), 1.69 (s, 3H), 1.67 (s, 3H), 1.56 (m, 1H), 1.46 (m, 

1H), 1.34 (ddd, J = 5.5, 9.6, 14.7 Hz, 1H), 0.93 (d, J = 6.7 Hz, 3H), 0.88 (s, 9H), 0.83 (d, 

J = 6.6 Hz, 3H), 0.08 (s, 3H), 0.03 (s, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C24H41BrNOSi 466.2135; Found 466.2130. 
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Preparation of unsaturated lactone 228 

 
Lindlar catalyst (21mg, 12% wt) was added to a stirred solution of tertiary alcohol (169 

mg, 0.74 mmol) and quinoline (88 µL, 0.74 mmol) in toluene (6 mL) at rt. The reaction 

mixture was flushed with a balloon of H2 and stirred for 3h. The reaction mixture was 

filtered through a plug of celite and flushed with EA. The filtrate was washed with a 1M 

solution of HCl and further extracted with EA. The combined organic phases were 

washed with brine, dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (15% Et2O in hexanes) 

to afford lactone 228 (120 mg, 82%) as a colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 5.6 Hz, 1H), 6.12 (d, J = 5.6 Hz, 1H), 1.69 (s, 

3H), 1.47 (s, 9H). 

13C NMR (126 MHz, CDCl3): δ 172.4, 168.2, 151.0, 119.7, 87.2, 82.1, 28.1, 23.2. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H15O4 199.0965; Found 199.0967. 

Preparation of unsaturated lactone 229 

 
TFA (5 mL) was added to a stirred solution of ester 228 (61 mg, 0.31 mmol) in DCM (5 

mL) at rt and stirred for 1 h. The reaction was evaporated, and the crude directly used 

in the next step. 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 5.6 Hz, 1H), 6.23 (d, J = 5.6 Hz, 1H), 1.79 (s, 

3H). 

13C NMR (151 MHz, CDCl3): δ 172.8, 170.1, 152.6, 120.0, 89.5, 23.3. 
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Preparation of cyclobutanone 231 

 
LiHMDS (74 µL, 74 µmol, 1M in hexanes) was added to a stirred solution of 

cyclobutanone 68 (12 mg, 67 µmol) in toluene (0.7 mL) at -78 °C and stirred for 30 min. 

Then, pivaloyl chloride 230 (11 µL, 88 µmol) in toluene (0.3 mL) was added to the 

reaction mixture. After 20 min, the reaction mixture was quenched with a solution of 

NH4Cl(aq) and further extracted with EA. The combined organic phases were washed 

with brine, dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (10% Et2O in hexanes) to afford 

diketone 231 (10.4 mg, 60%) as a colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 5.56 (br s, 1H), 4.41 (dd, J = 2.4, 5.6 Hz, 1H), 3.51 (ddd, J 

= 2.3, 6.6, 9.3 Hz, 1H), 3.15 (dd, J = 6.6, 9.6 Hz, 1H), 2.11 (m, 1H), 1.84 (m, 1H), 1.69 

(m, 1H), 1.66 (m, 1H), 1.62 (s, 3H), 1.18 (s, 9H), 0.93 (d, J = 6.7 Hz, 3H), 0.87 (d, J = 

6.5 Hz, 3H). 

13C NMR (151 MHz, CDCl3): δ 211.6, 206.9, 133.2, 121.3, 67.6, 56.6, 46.6, 39.7, 34.5, 

30.4, 25.8, 25.7, 21.3, 20.4, 17.3. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C17H27O2 263.2006; Found 263.2007. 

Preparation of alcohol 237 

 
LiHMDS (4.43 mL, 4.43 mmol, 1M in hexanes) was added to a stirred solution of 

cyclobutanone 68 (608 mg, 3.41 mmol) in THF (48 mL) at 0 °C and stirred for 30 min. 

Then, aldehyde 236 (430 mg, 3.41 mmol) in THF (13 mL) was added to the reaction 
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mixture. After 2 h, the reaction mixture was quenched with a solution of NH4Cl(aq) and 

further extracted with EA. The combined organic phases were washed with brine, dried 

over anhydrous MgSO4, filtered, concentrated and the resulting crude product was 

purified by column chromatography (15% EA in hexanes) to afford alcohol 237 (327 mg, 

67%) as a mixture of diastereoisomers (1:1) both as a white solid. Those 

diastereoisomers were not isolated and directly used in the next step. 

Preparation of methyl ester 233 

 
NMO (145 mg, 1.24 mmol), and TPAP (32 mg, 93 µmol) were successfully added to a 

stirred solution of alcohol 237 (188 mg, 0.62 mmol) with MS 4Å (309 mg) in DCM (12.4 

mL) at rt and was stirred for 48 h. The reaction mixture was filtered through a plug of 

celite, flushed with EA, evaporated, and directly used into the next step. 

Sodium methoxide (4 mg, 6.2 µmol) was added to a stirred solution of crude diketone in 

MeOH (6 mL) at 0 °C and was stirred for 5 min. The reaction mixture was quenched 

with a solution of NH4Cl(aq) and further extracted with EA. The combined organic phases 

were washed with brine, dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (15% EA in hexanes) 

to afford a ester 233 (45 mg, 22% over 2 steps) as a white solid.  

1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 3.7 Hz, 1H), 5.41 (br s, 1H), 5.35 (d, J = 3.7 

Hz, 1H), 3.95 (s, 3H), 3.54 (s, 3H), 3.23 (dd, J = 8.0, 17.4 Hz, 1H), 3.18–3.13 (m, 1H), 

2.66 (dd, J = 4.6, 10.6 Hz, 1H), 2.59 (dd, J = 2.9, 17.4 Hz, 1H), 2.03–1.77 (m, 4H), 1.65 

(s, 3H), 0.91 (d, J = 6.7 Hz, 3H), 0.74 (d, J = 6.8 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ 187.0, 172.0, 161.7, 152.9, 131.9, 123.0, 115.1, 85.1, 

57.9, 51.2, 45.7, 40.3, 40.2, 37.2, 28.3, 23.8, 22.1, 20.5, 18.0. 
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HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C19H30NO5 352.2118; Found 352.2119. 

Preparation of aldehyde 244 and side-product 243 

 
Lithium aluminum hydride (3.84 mL, 3.84 mmol, 1M solution in THF) was added to a 

stirred solution of ester 233 (214 mg, 0.64 mmol) in THF (10 mL) at -15 °C and stirred 

for 2 h. At -15 °C, the reaction mixture was quenched with a mixture of Et2O:Acetone 

(4:1) (10 mL) and H2O (10 mL) and was further extracted with Et2O. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, diluted 

with DCE and concentrated until it remained about 10 mL of DCE in the flash. The 

resulting crude product was directly used into the next step. 

TPAP (63 mg, 0.18 mmol), NMO (281 mg, 2.4 mmol) and 4Å MS (300 mg) were added 

to a stirred solution of previous crude diol 242 in DCE (30 mL) at rt and stirred 

overnight. The reaction mixture was filtered through a pad of silica and flushed with 

DCM. The filtrate was concentrated, and the resulting crude product was purified by 

column chromatography (5% DCM in MeOH) to afford ketoaldehyde 244 (34 mg, 15 % 

over 2 steps) as a colorless liquid. 

Data for 244: 

1H NMR (400 MHz, CDCl3) δ 9.70 (d, J = 2.7 Hz, 1H), 7.17 (d, J = 3.7 Hz, 1H), 5.41 (br 

s, 1H), 5.38 (d, J = 3.7 Hz, 1H), 3.97 (s, 3H), 3.07 (dd, J =8.7, 16.4 Hz, 1H), 2.84 (dd, J 

= 4.1, 16.4 Hz, 1H), 2.72 (m, 1H), 2.02 (m, 1H), 1.92–1.81 (m, 2H), 1.69 (s, 3H), 1.66 

(m, 1H), 1.51 (m, 1H), 0.96 (d, J = 6.6 Hz, 3H), 0.83 (d, J = 6.5 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C18H28NO4 322.2013; Found 322.2011. 

Data for 243: 

1H NMR (400 MHz, CDCl3) δ 6.15 (d, J = 3.3 Hz, 1H), 5.42 (br s, 1H), 5.07 (d, J = 3.3 

Hz, 1H), 4.26 (dd, J = 2.4, 11.6 Hz, 1H), 4.24 (d, J = 12.0 Hz, 1H) 3.82 (s, 3H), 3.58 (dd, 
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J = 2.7, 12.0 Hz, 1H), 2.23–2.10 (m, 2H), 2.05–1.91 (m, 3H), 1.84–1.71 (m, 2H), 1.67 

(s, 3H), 1.49 (m, 1H), 0.92 (d, J = 6.9 Hz, 3H), 0.72 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 161.3, 144.8, 136.1, 121.8, 108.1, 79.9, 73.3, 68.5, 57.7, 

40.4, 36.0, 32.9, 30.9, 25.8, 24.1, 21.2, 21.2, 14.4. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C18H30NO3 308.2220; Found 308.2218. 

Preparation of bromo cyano alkenes 245 and 246 

 
Phosphonate 198 (135 mg, 0.53 mmol), LiCl (16.7 mg, 0.40 mmol) and DBU (59 µL, 

0.40 mmol) were successively added to a stirred solution of aldehyde 232 (80 mg, 0.26 

mmol) in MeCN (3 mL) at 0 °C and stirred for 2h. The reaction mixture was quenched 

with H2O and further extracted with EA. The combined organic phases were washed 

with brine, dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (10% EA in hexanes) to afford the 

mixture of bromo cyano alkenes 245 and 246 as a mixture of 1:2 respectively (95 mg, 

89%) as colorless liquids. These products were not separated. 

1H NMR (400 MHz, CDCl3) δ 7.22–7.19 (m, 1H), 6.88 (d, J = 9.7 Hz, 0.33H), 6.77 (d, J 

= 11.1 Hz, 0.67H), 5.46–5.41 (m, 2H), 3.99 (s, 3H), 3.08–2.87 (m, 2H), 2.75–2.68 (m, 

2H), 2.02–1.92 (m, 2H), 1.68 (s, 3H), 1.67–1.59 (m, 2H), 1.00–0.96 (m, 3H), 0.82 (d, J = 

6.4 Hz, 2H), 0.81 (d, J = 6.6 Hz, 1H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C20H25BrNO3 406.1012; Found 406.1007. 
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Preparation of aldehyde 263 

 
Dess-Martin periodinane (2.08 g, 4.9 mmol) was added to a stirred solution of the 

corresponding alcohol (1.04 g, 4.1 mmol) and NaHCO3 (1.03 g, 12.2 mmol) in DCM (41 

mL) at rt and stirred for 30 min. The reaction mixture was quenched with a 1/3:1/3:1/3 

mixture of H2O/NaHCO3(aq)/Na2S2O3(aq) and further extracted with EA. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product was purified by column chromatography 

(20% Et2O in hexanes) to afford aldehyde 263 (560 mg, 54%) as a colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 9.78 (d, J = 3.4 Hz, 1H), 5.39 (br s, 1H), 4.37 (dd, J = 5.1, 

6.5 Hz, 1H), 3.32 (s, 3H), 3.31 (s, 3H), 2.57 (m, 1H), 2.40 (m, 1H), 2.03 (m, 1H), 1.98–

1.74 (m, 5H), 1.73 (s, 3H), 0.93 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.7 Hz, 3H). 

Preparation of bromo cyano alkenes 264 and 265 

 
Phosphonate 198 (1.01 g, 3.96 mmol), LiCl (126 mg, 2.97 mmol) and DBU (359 µL, 

2.38 mmol) were successively added to a stirred solution of aldehyde 263 (500 mg, 

1.98 mmol) in MeCN (20 mL) at 0 °C and stirred for 2h. The reaction mixture was 

quenched with H2O and further extracted with Et2O. The combined organic phases 

were washed with brine, dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (15% Et2O in hexanes) 

to afford unsaturated nitrile 264 (192 mg, 27%) and 265 (363 mg, 54%) both as 

colorless liquids. 
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Data for 264: 

1H NMR (500 MHz, CDCl3) δ 7.01 (d, J = 9.8 Hz, 1H), 5.41 (br s, 1H), 4.31 (dd, J = 4.4, 

7.3 Hz, 1H), 3.35 (s, 3H), 3.33 (s, 3H), 2.97 (ddd, J = 4.6, 6.9, 9.8 Hz, 1H), 2.32 (s, 1H), 

1.96 (m, 2H), 1.86 (ddd, J = 4.6, 7.3, 14.5 Hz, 1H), 1.69 (s, 3H), 1.62 (m, 1H), 1.54 (m, 

1H), 1.45 (ddd, J = 4.4, 9.3, 14.5 Hz, 1H), 0.96 (d, J = 6.7 Hz, 3H), 0.83 (d, J = 6.6 Hz, 

3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C17H27BrNO2 356.1220; Found 356.1222. 

Data for 265: 

1H NMR (500 MHz, CDCl3) δ 6.93 (d, J = 11.2 Hz, 1H), 5.40 (br s, 1H), 4.34 (dd, J = 

4.6, 6.9 Hz, 1H), 3.37 (s, 3H), 3.35 (s, 3H), 2.93 (ddd, J = 4.7, 7.7, 11.3 Hz, 1H), 2.29 

(s, 1H), 1.96 (m, 2H), 1.81 (ddd, J = 4.2, 6.9, 14.5 Hz, 1H), 1.69 (s, 3H), 1.63–1.50 (m, 

3H), 0.96 (d, J = 6.7 Hz, 3H), 0.83 (d, J = 6.6 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C17H27BrNO2 356.1220; Found 356.1219. 

Preparation of vinyl bromide 266 

 
DiBAlH (1.25 mL, 1.25 mmol, 1M solution in hexanes) was added to a stirred solution of 

nitrile 264 (370 mg, 1.04 mmol) in petroleum ether (10.4 mL) at -78 °C and stirred for 1 

h. Then, the reaction mixture was quenched with a 10% citric acid solution (10 mL) and 

further stirred overnight at room temperature. The reaction mixture was extracted with 

Et2O and the combined organic phases were washed with brine, dried over anhydrous 

MgSO4, filtered and concentrated. The resulting crude product was directly used into 

the next step. 

The crude mixture was dissolved in MeOH (9.5 mL) at 0 °C. Sodium borohydride (36 

mg, 0.95 mmol) was added. After 30 min, the reaction was quenched with water and 

extracted with EA. The combined organic phases were washed with brine, dried over 
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anhydrous MgSO4, filtered and concentrated. The resulting crude product was directly 

used into the next step. 

Imidazole (97 mg, 1.43 mmol) and TBDPSCl (300 µL, 1.15 mmol) were added to a 

stirred solution of the corresponding free allylic alcohol crude in DCM (4.8 mL) at rt and 

stirred overnight. The reaction mixture was quenched with a solution of NaHCO3 and 

further extracted with DCM. The combined organic phases were washed with brine, 

dried over anhydrous MgSO4, filtered, concentrated and the resulting crude product 

was purified by column chromatography (15% Et2O in hexanes) to afford TBDPS-

protected alcohol 266 (482 mg, 90% over 3 steps) as a colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 7.69–7.64 (m, 4H), 7.44–7.35 (m, 6H), 6.22 (d, J = 9.5 Hz, 

1H), 5.36 (br s, 1H), 4.45 (dd, J = 3.8, 8.3 Hz, 1H), 4.29 (s, 2H), 3.38 (s, 3H), 3.29 (s, 

3H), 2.91 (ddd, J = 5.1, 6.8, 9.6 Hz, 1H), 2.31 (m, 1H), 1.94 (m, 2H), 1.82 (ddd, J = 4.7, 

8.2, 14.0 Hz, 1H), 1.68 (s, 3H), 1.64 (m, 1H), 1.54–1.44 (m, 2H), 1.06 (s, 9H), 0.97 (d, J 

= 6.8 Hz, 3H), 0.83 (d, J = 6.6 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C33H51BrNO3Si 616.2816; Found 616.2816. 

Preparation of the aldehyde 464 

 
PTSA.H2O (56 mg, 0.30 mmol) was added to a stirred solution of the corresponding 

ketal 266 (167 mg, 0.27 mmol) in acetone (2.7 mL) at rt and stirred for 4 h. The reaction 

mixture was quenched with a solution of NaHCO3 and further extracted with EA. The 

combined organic phases were washed with brine (20 mL), dried over anhydrous 

MgSO4, filtered, concentrated and the resulting crude product was purified by column 

chromatography (25% DCM in hexanes) to afford aldehyde 464 (136 mg, 92%) as a 

colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 9.70 (t, J = 2.3 Hz, 1H), 7.68–7.64 (m, 4H), 7.46–7.36 (m, 

6H), 6.04 (d, J = 9.3 Hz, 1H), 5.46 (br s, 1H), 4.27 (m, 2H), 2.90–2.79 (m, 2H), 2.44 

(ddd, J = 2.7, 7.6, 16.7 Hz, 1H), 2.35 (ddd, J = 2.1, 4.9, 16.7 Hz, 1H), 1.97 (m, 1H), 1.88 
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(m, 1H), 1.72 (m, 1H), 1.67 (s, 3H), 1.57 (m, 1H), 1.07 (s, 9H), 0.93 (d, J = 6.9 Hz, 3H), 

0.76 (d, J = 6.8 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C31H42BrO2Si 553.2132; Found 553.2130. 

Preparation of alcohol 267 

 
Sec-BuLi (1.55 mL, 2.17 mmol, 1.4M in hexanes) was added to a stirred solution of 2-

methoxyfuran (215 µL, 2.33 mmol) in THF (1.3 mL) at -78 °C and stirred for 30 min. 

Then, aldehyde 464 (432 mg, 0.78 mmol) in THF (0.7 mL) was added and the resulting 

mixture was stirred 2 h at -78 °C. The reaction mixture was quenched with a solution of 

NH4Cl(aq) and further extracted with EA. The combined organic phases were washed 

with brine (20 mL), dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (10% EA in hexanes) 

to afford 267 as a mixture of diastereoisomers (1:1) (261 mg, 52%) as a colorless liquid. 

They were non isolated and consequently non characterized. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C36H51BrNO4Si 668.2765; Found 668.2762. 

Preparation of ketone 268 

 
TPAP (17 mg, 47 µmol), NMO (73 mg, 0.62 mmol) and MS 4Å (155 mg) were added to 

a stirred solution of furfuryl alcohol 267 (202 mg, 0.31 mmol) in DCM (6.2 mL) at rt and 
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stirred overnight. The reaction mixture was filtered through a pad of silica and flushed 

with DCM. The filtrate was concentrated, and the resulting crude product was purified 

by column chromatography (10% EA in hexanes) to afford ketoaldehyde 268 (76 mg, 

38%) as a colorless liquid. 

1H NMR (500 MHz, CDCl3) δ 7.70–7.65 (m, 4H), 7.44–7.36 (m, 6H), 7.13 (d, J = 3.7 Hz, 

1H), 5.96 (d, J = 10.3 Hz, 1H), 5.38 (br s, 1H), 5.31 (d, J = 3.7 Hz, 1H), 4.33 (d, J = 12.6 

Hz, 1H), 4.07 (d, J = 12.6 Hz, 1H), 3.91 (s, 3H), 2.78 (dd, J = 8.2, 15.4 Hz, 1H), 2.63 (m, 

1H), 2.57 (dd, J = 5.0, 15.4 Hz, 1H), 2.00 (m, 1H), 1.84 (m, 1H), 1.72–1.64 (m, 2H), 

1.60 (s, 3H), 1.36 (m, 1H), 1.03 (s, 9H), 0.86 (d, J = 6.8 Hz, 3H), 0.74 (d, J = 6.7 Hz, 

3H). 

13C NMR (101 MHz, CDCl3) δ 185.2, 161.7, 149.4, 135.8, 134.3, 133.9, 133.6, 129.7, 

127.7, 121.7, 121.3, 115.2, 85.1, 70.7, 57.9, 42.6, 42.2, 40.5, 39.5, 26.8, 24.3, 20.2, 

19.1, 19.1, 19.0. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C36H49BrNO4Si 666.2609; Found 666.2604. 

Preparation of alcohol 272 

 
Potassium tert-butoxide (101 mg, 0.90 mmol) was added to a stirred solution of 

aldehyde 270 (198 mg, 0.36 mmol) and α-angelicalactone 271 (161 µL, 1.79 mmol) in 

THF (4 mL) at 0°C and stirred for 15 min. The reaction mixture was quenched with a 

solution of NH4Cl(aq) and further extracted with EA. The combined organic phases were 

washed with brine (20 mL), dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (10% EA in hexanes) 

to afford an only diastereoisomer alcohol 272 (98 mg, 42%) as a colorless liquid.  

1H NMR (400 MHz, CDCl3) δ 7.68–7.62 (m, 4H), 7.45–7.36 (m, 6H), 7.31 (d, J = 5.7 Hz, 

1H), 6.15 (d, J = 9.8 Hz, 1H), 6.01 (d, J = 5.7 Hz, 1H), 5.40 (br s, 1H), 4.30 (s, 2H), 3.84 
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(dd, J = 6.4, 11.1 Hz, 1H), 3.02 (m, 1H), 2.51 (m, 1H), 1.95 (m, 2H), 1.89 (d, J = 6.4 Hz, 

1H), 1.69 (m, 2H), 1.65 (s, 3H), 1.61 (m, 1H), 1.41 (s, 3H), 1.38 (m, 1H), 1.07 (s, 9H), 

0.98 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.6 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C36H48BrO4Si 651.2500; Found 651.2499. 

Preparation of alcohol 282 

 
Lithium aluminum hydride (27.6 mL, 27.6 mmol, 1M solution in THF) was added to a 

stirred solution of ester 262 (5.2 g, 18.4 mmol) in diethyl ether (184 mL) at 0 °C and 

stirred for 2 h. At 0 °C, 1.2 mL of H2O was added followed by 1.2 mL of NaOH(aq) 

(15%) and 3.6 mL of H2O. The reaction was allowed to warm up to room temperature 

and stirred 15 min. Magnesium sulfate was added to the reaction mixture and left to stir 

for another 30 min.  The reaction mixture was filtered and concentrated to obtain the 

crude alcohol as a pale-yellow liquid. The resulting crude product was purified by 

column chromatography (20% EA in hexanes) to afford alcohol 282 (4.81 g, 92%) as a 

colorless liquid.  

1H NMR (600 MHz, C6D6) δ 5.30 (s, 1H), 4.44 (dd, J = 4.1, 7.3 Hz, 1H), 3.82 (ddd, J = 

5.2, 8.9, 11.7 Hz, 1H), 3.56 (dt, J = 4.1, 11.1 Hz, 1H), 3.10 (s, 3H), 3.07 (s, 3H), 2.89 

(m, 1H), 2.38 (m, 1H), 1.98–1.91 (m, 2H), 1.83 (m, 1H), 1.75–1.72 (m, 1H), 1.71 (s, 3H), 

1.67–1.61 (m, 1H), 1.51 (ddd, J = 4.2, 5.2, 14.7 Hz, 1H), 1.41–1.34 (m, 1H), 0.81 (d, J = 

6.9 Hz, 3H), 0.73 (d, J = 6.8 Hz, 3H). 

13C NMR (151 MHz, C6D6) δ 128.3, 121.0, 105.6, 61.7, 54.2, 52.0, 42.1, 36.6, 34.9, 

33.6, 26.8, 24.7, 23.0, 21.3, 15.7. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C15H29O3 257.2111; Found 257.2112. 

IR (neat): ν 3426, 2956, 2899, 1456, 1369, 1131, 1054 cm-1 

[α]D20 = + 93.4 (c = 2.37) in C6H6 
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Preparation of acetal 465 

 
Imidazole (2.5 g, 36.6 mmol) and TBDPSCl (7.59 mL, 29.2 mmol) were added to a 

stirred solution of ketal 282 (6.2 g, 24.4 mmol) in DCM (122 mL) at rt and stirred 

overnight. The reaction mixture was quenched with a solution of NaHCO3 and further 

extracted with DCM. The combined organic phases were washed with brine, dried over 

anhydrous MgSO4, filtered, concentrated and the resulting crude product was purified 

by column chromatography (5% EA in hexanes) to afford ketal 465 (11.8 g, 98%) as a 

colorless liquid. 

1H NMR (400 MHz, CDCl3) δ 7.74–7.66 (m, 4 H), 7.48–7.36 (m, 6 H), 5.30 (s, 1 H), 4.45 

(dd, J = 5.5, 6.3 Hz, 1 H), 3.69 (d, J = 7.4 Hz, 2H), 3.25 (s, 3 H), 3.18 (s, 3 H), 2.39 (m 1 

H), 2.12 (m, 1 H), 1.86 (m, 1 H), 1.78 (m, 1 H), 1.66 (s, 3 H), 1.63–1.48 (m, 4 H), 1.04 

(s, 9 H), 0.82 (d, J = 6.6 Hz, 3 H), 0.62 (d, J = 6.5 Hz, 3 H). 

13C NMR (126 MHz, CDCl3) δ 137.0, 135.6, 132.9, 129.7, 127.6, 122.4, 105.0, 65.0, 

55.0, 41.9, 41.5, 36.4, 34.2, 28.1, 26.9, 23.7, 21.0, 19.2, 17.2, 15.2. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C31H47O3Si 495.3289; Found 495.3291. 

IR (neat): ν 2956, 2919, 2889, 2852, 1423, 1114, 1057 cm-1 

[α]D20 = + 15.9 (c = 2.19) in C6H6 



139 

Preparation of aldehyde 283 

 
PTSA.H2O (422 mg, 2.22 mmol) was added to a stirred solution of ketal 465 (1 g, 2.02 

mmol) in acetone (21 mL) at rt and stirred for 4 h. The reaction mixture was quenched 

with a solution of NaHCO3 and further extracted with EA. The combined organic phases 

were washed with brine (20 mL), dried over anhydrous MgSO4, filtered, concentrated 

and the resulting crude product was purified by column chromatography (10% DCM in 

hexane) to afford aldehyde 283 (822 mg, 91%) as a colorless liquid. 

1H NMR (400 MHz, CD3CN) δ 9.87 (t, J = 2.8 Hz, 1 H), 7.67–7.62 (m, 4 H), 7.44–7.34 

(m, 6 H), 5.40 (m, 1 H), 3.74 (dd, J = 5.1, 10.9 Hz, 1 H), 3.51 (t, J = 10.6 Hz, 1 H), 3.01 

(m, 1 H), 2.60 (ddd, J = 3.1, 6.8, 16.2 Hz, 1 H), 2.33 (ddd, J = 2.6, 5.2, 16.2 Hz, 1 H), 

1.92–1.82 (m, 2 H), 1.72 (s, 3 H), 1.70 (m, 1 H), 1.49–1.34 (m, 2 H), 1.27 (m, 1 H), 1.05 

(s, 9 H), 0.76 (d, J = 6.8 Hz, 3 H), 0.43 (d, J = 6.8 Hz, 3 H). 

13C NMR (126 MHz, CD3CN) δ 202.1, 135.6, 134.4, 132.9, 129.7, 127.6, 122.6, 63.9, 

44.4, 43.4, 36.5, 36.0, 27.9, 26.9, 23.4, 22.4, 19.2, 17.0, 15.0. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C29H41O2Si 449.2870; Found 449.2871. 

IR (neat): ν 2949, 2926, 2882, 2852, 1721, 1430, 1111, 1064 cm-1 

[α]D20 = + 33.5 (c = 1.49) in C6H6 



140 

Preparation of diene 311 

 
To a solution of phosphonate 310 (2.70 g, 8.13 mmol) and 18-C-6 crown ether (8.27 g, 

31.3 mmol) in THF (101 mL) was slowly added a 1M solution of KHMDS (6.88 mL, 6.88 

mmol, 1M solution in THF) at -78 °C. After 30 min, aldehyde 283 (2.77 g, 6.25 mmol) in 

THF (10 mL) was slowly added to the reaction mixture and stirred for 4 h at the same 

temperature. After completion, the reaction was quenched with an aqueous solution of 

NH4Cl and further extracted with EA. The combined organic phases were washed with 

brine (20 mL), dried over anhydrous MgSO4, filtered, concentrated and the resulting 

crude product was purified by column chromatography (10% DCM in hexane) to afford 

α,β-unsaturated ester 311 (2.95 g, 92%) as a colorless viscous liquid. 

1H NMR (600 MHz, CDCl3) δ 7.68–7.65 (m, 4H), 7.43–7.34 (m, 6H), 6.18 (t, J = 7.1 Hz, 

1H), 5.34 (m, 1H), 4.16 (q, J = 7.1 Hz, 2H), 3.71 (dd, J = 5.9, 10.5 Hz, 1H), 3.61 (t, J = 

10.1 Hz, 1H), 2.72 (m, 1H), 2.60 (m, 1H), 2.51 (m, 1H), 1.93–1.82 (m, 5H), 1.77–1.69 

(m, 4H), 1.53 (m, 1H), 1.47 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H), 1.04 (s, 9H), 0.76 (d, J = 

6.7 Hz, 3H), 0.49 (d, J = 6.6 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 168.3, 144.5, 136.7, 135.6, 135.5, 134.0, 133.8, 129.6, 

129.5, 127.7, 127.6, 125.9, 121.4, 63.0, 60.0, 41.5, 39.7, 36.0, 29.7, 26.9, 26.6, 24.2, 

22.9, 21.0, 20.8, 19.3, 15.6, 14.3. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C33H47O3Si 519.3289; Found 519.3284. 

IR (neat): ν 2953, 2923, 2882, 2852, 1711, 1423, 1201, 1107, 1064 cm-1 

[α]D20 = + 39.5 (c = 2.33) in CHCl3 
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Preparation of allylic alcohol 466 

 
Lithium aluminum hydride (14.8 mL, 14.8 mmol, 1M solution in THF) was added to a 

stirred solution of ester 311 (3.8 g, 7.4 mmol) in diethyl ether (74 mL) at 0 °C and stirred 

for 1 h. At 0 °C, the reaction mixture was quenched with a Rochelle salt solution and 

was further extracted with EA. The combined organic phases were washed with brine 

(20 mL), dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (15% EA in hexanes) to afford allyl 

alcohol 466 (3.63 g, 100%) as a pale-yellow viscous liquid. 

1H NMR (600 MHz, CDCl3) δ 7.71–7.64 (m, 4H), 7.45–7.34 (m, 6H), 5.43 (t, J = 7.5 Hz, 

1H), 5.37 (s, 1H), 4.06 (dd, J = 5.8, 11.8 Hz, 1H), 3.99 (dd, J = 6.0, 11.8 Hz, 1H), 3.74 

(dd, J = 6.1, 10.4 Hz, 1H), 3.57 (t, J = 10.0 Hz, 1H), 2.44 (m, 1H), 2.20 (m, 2H), 1.92 (m, 

1H), 1.85 (m, 1H), 1.77 (s, 3H), 1.73 (m, 1H), 1.69 (s, 3H), 1.59–1.54 (m, 2H), 1.50 (m, 

1H), 1.05 (s, 9H), 0.77 (d, J = 6.8 Hz, 3H), 0.55 (d, J = 6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 137.5, 135.7, 135.7, 134.1, 133.9, 133.8, 129.8, 129.7, 

129.0, 127.8, 127.8, 121.8, 63.3, 61.8, 41.2, 39.4, 36.1, 27.7, 27.0, 26.9, 24.3, 23.5, 

21.7, 21.1, 19.4, 15.8. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C32H50NO2Si 508.3605; Found 508.3607. 

IR (neat): ν 3342, 2963, 2926, 2889, 2852, 1430, 1114, 1067 cm-1 

[α]D20 = + 53.9 (c = 1.93) in CHCl3 
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Preparation of allylic bromide 312 

 
Phosphorus tribromide (103 µL, 1.02 mmol) was added to a stirred solution of allyl 

alcohol 466 (1.0 g, 2.04 mmol) in THF (5.1 mL) at -20 °C and stirred for 2 h. At -20 °C, 

the reaction mixture was quenched with iced-cold water, NaHCO3(aq), and was further 

extracted with Et2O. The combined organic phases were washed with brine (20 mL), 

dried over anhydrous MgSO4, filtered, concentrated and the resulting crude product 

was directly used for the next step without purification affording allyl bromide 312 (1.05 

g, 92%) as a pale-yellow liquid. 

1H NMR (500 MHz, CDCl3) δ 7.71–7.64 (m, 4H), 7.44–7.34 (m, 6H), 5.55 (t, J = 7.3 Hz, 

1H), 5.37 (s, 1H), 3.95 (d, J = 9.6 Hz, 1H), 3.91 (d, J = 9.6 Hz, 1H), 3.75 (dd, J = 6.0, 

10.6 Hz, 1H), 3.61 (t, J = 10.2 Hz, 1H), 2.51 (m, 1H), 2.22 (m, 2H), 1.91 (m, 1H), 1.84 

(m, 1H) 1.79 (s, 3H), 1.76 (m, 1H), 1.70 (s, 3H), 1.60–1.46 (m, 2H), 1.06 (s, 9H), 0.76 

(d, J = 6.8 Hz, 3H), 0.51 (d, J = 6.6 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 136.9, 135.8, 135.7, 134.1, 134.0, 132.5, 130.4, 129.8, 

129.7, 127.8, 127.8, 121.9, 66.0, 63.4, 41.6, 39.4, 36.1, 33.1, 28.1, 27.1, 26.8, 24.4, 

23.2, 22.1, 21.1, 19.4, 15.6, 15.4. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C32H46BrOSi 553.2496; Found 553.2498 
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Preparation of ketoester 313 

 
Methyl acetoacetate (29.2 µL, 0.27 mmol) was added to a stirred solution of NaH (11.6 

mg, 0.29 mmol) in THF (0.8 mL) at 0 °C and stirred for 10 min. Then, n-butyllithium (117 

µL, 0.28 mmol, 2.39M in hexanes) was added dropwise to the reaction mixture at 0 °C 

and left to stir for 30 min. Allyl bromide 312 (50 mg, 0.09 mmol) in THF (0.5 mL) was 

finally added, and the reaction was allowed to warm up to rt and stirred for 3 h. The 

reaction mixture was quenched with NH4Cl(aq), and was further extracted with EA. The 

combined organic phases were washed with brine (20 mL), dried over anhydrous 

MgSO4, filtered, concentrated and the resulting crude product was purified by column 

chromatography (10% EA in hexanes) to afford ketoester 313 (27 mg, 50%) as a 

colorless viscous liquid. 

1H NMR (400 MHz, CDCl3) δ 11.99 (s, 0.25H), 7.70–7.64 (m, 4H), 7.44–7.34 (m, 6H), 

5.35–5.30 (m, 2H), 4.96 (m, 0.25H), 3.75–3.69 (m, 4H), 3.58 (t, J = 9.9 Hz, 1H), 3.4 (s, 

1.5H), 2.51 (m, 1.5H), 2.41 (m, 1H), 2.28–2.18 (m, 2.5H), 2.10 (m, 1.75H), 1.97–1.81 

(m, 2.25H), 1.80–1.71 (m, 1.25H), 1.68 (s, 2.75H), 1.65 (s, 0.75H), 1.63 (s, 2.5H), 1.61–

1.55 (m, 0.75H), 1.53–1.46 (m, 1H), 1.04 (s, 9H), 0.78 (d, J = 6.8 Hz, 3H), 0.56 (d, J = 

6.6 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 202.5, 178.8, 167.7, 137.5, 135.7, 135.7, 134.3, 134.1, 

132.2, 129.7, 129.7, 127.8, 127.8, 127.7, 127.4, 121.4, 88.9, 66.0, 63.4, 52.4, 49.2, 

41.4, 41.3, 39.4, 36.3, 28.9, 28.0, 27.0, 25.9, 24.4, 23.3, 23.3, 21.1, 19.4, 16.2, 15.4. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C37H56NO4Si 606.3973; Found 606.3975. 
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Preparation of ketoester 314 

 

HF.pyr (4.3 mL, 159 mmol) was added to a stirred solution of 313 (938 mg, 1.59 mmol) 

in THF (8.6 mL) and pyridine (12.9 mL) at rt and stirred for 48 h. The reaction mixture 

was quenched with NaHCO3(aq), and was further extracted with EA. The combined 

organic phases were dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (20% EA in hexanes) 

to afford primary alcohol 314 (525 mg, 94%) as a colorless viscous liquid. 

1H NMR (400 MHz, CDCl3) δ 12.02 (s, 0.1H), 5.37–5.28 (m, 2H), 5.01 (s, 0.1H), 3.77–

3.70 (m, 4H), 3.56 (dd, J = 9.3, 11.0 Hz, 1H), 3.47 (s, 1.75H), 2.62 (m, 2H), 2.36 (m, 

2H), 2.22 (m, 1H), 2.12 (m, 2H), 1.97 (m, 1H), 1.84 (m, 2H), 1.76–1.64 (m, 7H), 1.57 

(m, 2H), 0.89 (d, J = 6.8 Hz, 3H), 0.82 (d, J = 6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 202.6, 167.8, 138.9, 133.8, 126.8, 121.6, 62.5, 52.8, 

49.2, 41.3, 41.0, 39.7, 36.4, 27.8, 27.1, 25.9, 24.4, 23.3, 23.1, 21.2, 16.6. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C21H35O4 351.2530; Found 351.2531. 

Preparation of aldehyde 315 

 

Dess-Martin Periodinane (182 mg, 428 µmol) was added to a stirred solution of alcohol 

314 (125 mg, 357 µmol) and sodium bicarbonate (150 mg, 1.79 mmol) in DCM (3.6 mL) 

at rt and stirred for 1 h. The reaction mixture was quenched with a mixture of 
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H2O:NaHCO3(aq):Na2S2O3 (1/3:1/3:1/3) and was further extracted with DCM. The 

combined organic phases were washed with brine, dried over anhydrous MgSO4, 

filtered, concentrated and the resulting crude product was purified by column 

chromatography (15% EA in hexanes) to afford aldehyde 315 (80 mg, 64%) as a pale-

yellow viscous liquid. 

1H NMR (500 MHz, CDCl3) δ 9.73 (d, J = 4.1 Hz, 1H), 5.40 (br s, 1H), 5.10 (t, J = 6.9 

Hz, 1H), 3.74 (s, 3H), 3.47 (s, 2H), 2.59 (dd, J = 7.5, 8.7 Hz, 2H), 2.47 (m, 1H), 2.35–

2.21 (m, 5H), 2.03–1.95 (m, 2H), 1.89 (m, 1H), 1.78 (m, 1H), 1.72 (s, 3H), 1.66 (s, 3H), 

0.92 (d, J = 6.9 Hz, 3H), 0.79 (d, J = 6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 207.1, 202.4, 167.7, 135.6, 134.6, 125.5, 122.0, 52.6, 

52.5, 49.2, 41.1, 40.3, 36.4, 28.4, 28.3, 25.8, 24.2, 23.3, 22.3, 20.9, 17.3. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C21H33O4 349.2373; Found 349.2373 

Preparation of macrocycle 316 

 
β-alanine (27.6 mg, 310 µmol) was added to a stirred solution of aldehyde 315 (25 mg, 

77.5 µmol) in DMSO (1.9 mL) at rt and was stirred at 70°C for 2 days. The reaction 

mixture was quenched with brine and was further extracted with Et2O. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product was purified by column chromatography 

(6 to 15% EA in hexanes) to afford a mixture of diastereoisomers of the 10-membered 

ring 316 (2.5 mg, 10%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 12.4 Hz, 0.4H), 7.06 (d, J = 12.2 Hz, 1H), 5.45 

(br s, 0.4H), 5.40 (br s, 1H), 5.01 (dd, J = 4.1, 11.8 Hz, 1H), 4.88 (dd, J = 4.9, 10.8 Hz, 

0.4H), 3.81 (s, 1.2H), 3.78 (s, 3H), 3.13–3.06 (m, 1.4H), 2.96–2.79 (m, 2.4H), 2.69–2.56 

(m, 1.8H), 2.32–1.96 (m, 6.2H), 1.95–1.81 (m, 2.8H), 1.73 (s, 3H), 1.70 (s, 1.2H), 1.68 



146 

(s, 4.2H), 1.69–1.62 (m, 0.8H), 1.53–1.46 (m, 1.4H) 0.92 (d, J = 6.8 Hz, 1.2H), 0.91 (d, 

J = 6.8 Hz, 3H), 0.84 (d, J = 6.7 Hz, 4.2H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C21H34NO3 348.2533; Found 348.2536. 

Preparation of ester 323 

 
LiHMDS (6.34 mL, 6.34 mmol, 1M in hexanes) was added to a stirred solution of tert-

butyl acetate (947 mg, 8.15 mmol) in THF (18 mL) at -78 °C and stirred for 30 min. 

Then, allyl bromide 312 (1 g, 1.81 mmol) in THF (6.2 mL) was added dropwise to the 

reaction mixture at -78 °C and left to stir for 2 h. The reaction mixture was quenched 

with NH4Cl(aq), and was further extracted with EA. The combined organic phases were 

washed with brine, dried over anhydrous MgSO4, filtered, concentrated and the 

resulting crude product was purified by column chromatography (4% Et2O in hexanes) 

to afford tert-butyl ester 323 (650 mg, 61%) as a colorless viscous liquid. 

1H NMR (600 MHz, CDCl3) δ 7.70–7.62 (m, 4H), 7.45–7.35 (m, 6H), 5.34–5.29 (m, 2H), 

3.71 (dd, J = 6.3, 10.4 Hz, 1H), 3.60 (t, J = 9.9 Hz, 1H), 2.42 (m, 1H), 2.24 (m, 4H), 2.13 

(m, 2H), 1.92 (m, 1H), 1.79–1.72 (m, 2H), 1.69 (s, 3H), 1.65 (s, 3H), 1.59 (m, 1H), 1.51 

(m, 1H), 1.44 (s, 9H), 1.05 (s, 9H), 0.78 (d, J = 6.8 Hz, 3H), 0.56 (d, J = 6.6 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 173.1, 137.6, 135.7, 135.7, 134.2, 134.0, 132.3, 129.7, 

129.6, 127.8, 127.8, 127.7, 127.0, 121.3, 63.3, 41.3, 39.4, 36.2, 34.1, 28.2, 27.9, 27.5, 

27.0, 26.9, 24.3, 23.3, 23.3, 21.1, 19.4, 16.1. 

HRMS (ESI-TOF) m/z: [M +]+ Calcd for C38H60NO3Si 606.4337; Found 606.4338. 

IR (neat): ν 2956, 2926, 2889, 2852, 1725, 1426, 1392, 1141, 1107, 1071 cm-1 

[α]D20 = + 43.6 (c = 2.34) in CHCl3 
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Preparation of ketonitrile 322 

 
LiHMDS (2.2 mL, 2.2 mmol, 1M in hexanes) was added to a stirred solution of 

acetonitrile (226 mg, 287 µmol) in THF (20 mL) at -78 °C and stirred for 5 min. Then, 

tert-butyl ester 323 (650 mg, 1.10 mmol) in THF (5 mL) was added dropwise to the 

reaction mixture at -78 °C and left to stir for 3 h. After that, 5 more equivalents of 

acetonitrile and 2 more equivalents of LiHMDS were added and the reaction mixture 

was stirred for another hours. Then, the reaction mixture was quenched with NH4Cl(aq), 

and was further extracted with EA. The combined organic phases were washed with 

brine, dried over anhydrous MgSO4, filtered, concentrated and the resulting crude 

product was purified by column chromatography (4% Et2O in hexanes) to afford tert-

butyl ester 322 (550 mg, 90%) as a colorless viscous liquid and 10% of remaining 

tarting material. 

1H NMR (600 MHz, CDCl3) δ 7.69–7.64 (m, 4H), 7.45–7.35 (m, 6H), 5.36–5.32 (m, 2H), 

3.74 (dd, J = 6.3, 10.4 Hz, 1H), 3.56 (t, J = 9.8 Hz, 1H), 3.34 (s, 2H), 2.56 (dd, J = 6.9, 

8.8 Hz, 2H), 2.42 (m, 1H), 2.28–2.24 (m, 2H), 2.12–2.07 (m, 2H), 1.93 (m, 1H), 1.87 (m, 

1H), 1.76 (m, 1H), 1.69 (s, 3H), 1.63 (s, 3H), 1.58 (m, 1H), 1.52 (m, 1H), 1.04 (s, 9H), 

0.79 (d, J = 6.8 Hz, 3H), 0.57 (d, J = 6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 197.3, 137.3, 135.7, 135.7, 134.2, 134.0, 131.4, 129.8, 

129.7, 128.0, 127.8, 121.6, 113.8, 63.4, 41.1, 39.3, 36.2, 32.1, 28.0, 27.0, 26.9, 25.7, 

24.3, 23.4, 23.3, 21.1, 19.4, 16.1. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C38H49NO2Si 573.3871; Found 573.3870. 

IR (neat): ν 2956, 2926, 2889, 2849, 2255, 1735, 1430, 1107, 1067 cm-1 

[α]D20 = + 53.3 (c = 2.23) in CHCl3 
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Preparation of alcohol 467 

 
HF.pyr (5.1 mL, 194.2 mmol) was added to a stirred solution of 322 (540 mg, 0.971 

mmol) in THF (2.2 mL) and pyridine (5.1 mL) at rt and stirred for 2 h. The reaction 

mixture was quenched with NaHCO3(aq), and was further extracted with EA. The 

combined organic phases were dried over anhydrous MgSO4, filtered, concentrated and 

the resulting crude product was purified by column chromatography (20% EA in 

hexanes) to afford primary alcohol 467 (250 mg, 81%) as a colorless viscous liquid. 

1H NMR (600 MHz, CDCl3) δ 5.37–5.33 (m, 2H), 3.75 (dd, J = 5.8, 11.0 Hz, 1H), 3.54 

(dd, J = 9.1, 11.0 Hz, 1H), 3.47 (s, 2H), 2.69 (dt, J = 1.7, 7.5 Hz, 2H), 2.40–2.36 (m, 

2H), 2.23 (m, 1H), 2.16 (m, 1H), 2.08 (m, 1H), 1.96 (m, 1H), 1.87–1.78 (m, 2H), 1.73–

1.69 (m, 1H), 1.69 (s, 3H), 1.68 (s, 3H), 1.58–1.53 (m, 1H), 0.89 (d, J = 6.9 Hz, 3H), 

0.81 (d, J = 6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 197.5, 136.8, 132.8, 127.5, 121.7, 113.9, 62.6, 41.0, 

40.5, 39.6, 36.4, 32.2, 27.8, 27.1, 25.8, 24.4, 23.3, 23.2, 21.2, 16.5. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C20H35N2O2 335.2693; Found 335.2695. 

IR (neat): ν 3379, 2956, 2889, 2265, 2198, 1725, 1430, 1390, 1040 cm-1 

[α]D20 = + 100.4 (c = 1.88) in CHCl3 
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Preparation of aldehyde 321 

 
PCC (2.05 g, 9.50 mmol) was added to a stirred solution of alcohol 467 (2.50 g, 7.90 

mmol) and 4Å MS (3.80 g) in DCM (79 mL) and stirred for 1 h. Diethyl ether was added, 

and the resulting mixture filtered through a pad of silica gel and further flushed with 

Et2O. The resulting crude product was purified by column chromatography (15% EA in 

hexanes) to afford aldehyde 321 (1.24 g, 50%) as a light-yellow viscous liquid. 

1H NMR (600 MHz, CDCl3) δ 9.72 (d, J = 3.9 Hz, 1H), 5.41 (br s, 1H), 5.12 (t, J = 7.1 

Hz, 1H), 3.49 (s, 2H), 2.66 (m, 2H), 2.49 (m, 1H), 2.36–2.21 (m, 5H), 2.03 (m, 1H), 

1.97–1.88 (m, 2H), 1.79 (m, 1H), 1.72 (s, 3H), 1.67 (s, 3H), 0.92 (d, J = 6.9 Hz, 3H), 

0.80 (d, J = 6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 207.0, 197.3, 135.4, 133.9, 125.9, 122.1, 113.9, 52.4, 

40.2, 39.7, 36.7, 32.2, 28.5, 28.2, 25.7, 24.3, 23.2, 22.3, 20.8, 17.5. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C20H33N2O2 333.2537; Found 333.2539. 

Preparation of macrocycle 324 

 
β-alanine (28.3 mg, 317 µmol) was added to a stirred solution of aldehyde 321 (25 mg, 

79.2 µmol) in DMSO (30 mL) at rt and was stirred at rt for 30 h. The reaction mixture 

was quenched with brine and was further extracted with DCM. The combined organic 

phases were washed with brine, LiCl(aq), dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product was purified by column chromatography 
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(6 to 12% EA in hexanes) to afford a mixture of diastereoisomers of the 10-membered 

ring 324 (4 mg, 15%) as a white solid. Due to rotamers, 13C NMR spectroscopy was not 

acquired. 

1H NMR (400 MHz, 60°C, CDCl3) δ 6.82 (d, J = 11.0 Hz, 1H), 5.24 (s, 1H), 5.05 (t, J = 

8.1 Hz, 1H), 3.11 (m, 1H), 2.57 (m, 1H), 2.33–2.14 (m, 2H), 2.14–1.98 (m, 1H), 1.90 (m, 

2H), 1.80–1.69 (m, 1H), 1.69–1.58 (m, 1H), 1.50 (s, 3H), 1.46 (s, 3H), 1.41–1.16 (m, 

3H), 0.85 (d, J = 6.8 Hz, 3H), 0.65 (d, J = 6.7 Hz, 3H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C20H31N2O 315.2431; Found 315.2427. 

[α]D20 = + 83.0 (c = 0.57) in C6D6 

IR (neat): ν 2956, 2926, 2865, 2228, 2194, 1674, 1460, 1242, 729 cm-1 

Preparation of dimer 325 

 
1H NMR (600 MHz, CDCl3) δ 6.84 (d, J = 12.1 Hz, 2H), 5.42 (s, 2H), 5.04 (m, 2H), 3.13 

(ddd, J = 3.1, 4.1, 12.1 Hz, 2H), 3.09 (dt, J = 4.2, 12.9 Hz, 2H), 2.94 (dt, J = 3.8, 13.8 

Hz, 2H), 2.60 (dt, J = 4.1, 13.2 Hz, 2H), 2.27 (m, 4H), 2.15 (m, 4H), 2.06 (m, 2H), 1.86 

(q, J = 12.8 Hz, 2H), 1.74 (s, 6H), 1.69 (s, 6H), 1.53 (m, 2H), 1.32 (m, 2H), 0.95 (d, J = 

6.5 Hz, 6H), 0.88 (d, J = 6.6 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ 198.0, 160.9, 134.0, 132.8, 126.0, 121.6, 117.1, 116.7, 

42.0, 39.2, 38.3, 37.1, 29.0, 28.7, 28.1, 25.2, 22.6, 21.8, 21.7, 20.1. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C40H58N3O2 612.4524; Found 612.4526. 
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Preparation of diol 327 

 
DiBALH (2.66 mL, 2.66 mmol, 1M in hexanes) was added to a stirred solution of 

ketonitrile 324 (360 mg, 1.21 mmol) in toluene (12.1 mL) at -78 °C and the reaction 

mixture was stirred for 5 h. The reaction mixture was quenched with H2O and was 

further extracted with EA. The combined organic phases were washed with brine, dried 

over anhydrous MgSO4, filtered, concentrated and the resulting crude product was 

directly used into the next step. 

NaBH4 (48 mg, 1.03 mmol) was added to a stirred solution of aldehyde (155 mg, 0.51 

mmol) and CeCl3.7H2O (287 mg, 0.77 mmol) in MeOH (10.2 mL) at 0 °C and stirred for 

15 min. The reaction mixture was quenched with H2O, and further extracted with EA. 

The combined organic phases were washed with brine, dried over anhydrous MgSO4, 

filtered, concentrated and the resulting crude product was purified by column 

chromatography (25% EA in hexanes) to afford primary alcohol 327 (84 mg, 23% over 2 

steps) as a white solid. 

1H NMR (600 MHz, CDCl3) δ 5.85 (d, J = 9.4 Hz, 1H), 5.38 (br s, 1H), 5.12 (dd, J = 4.8, 

11.8 Hz, 1H), 4.63 (br s, 1H), 4.15 (d, J = 12.0 Hz, 1H), 3.90 (d, J = 12.0 Hz, 1H), 2.70–

2.63 (m, 2H), 2.30 (ddd, J = 8.2, 12.0, 14.1 Hz, 1H), 2.02 (m, 1H), 1.97 (m, 1H), 1.91–

1.78 (5H), 1.67 (s, 3H), 1.65 (s, 3H), 1.55 (m, 1H), 1.34 (m, 1H), 0.96 (d, J = 6.8 Hz, 

3H), 0.77 (d, J = 6.7 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 138.5, 135.9, 135.3, 128.2, 126.4, 121.0, 71.4, 60.6, 

42.2, 39.7, 36.6, 30.0, 29.2, 27.4, 24.1, 23.5, 23.4, 21.8. 21.3, 18.6. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C20H36NO2 322.2741; Found 322.2738. 
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Preparation of ketone 329 

 
Imidazole (30 mg, 0.44 mmol) and TBSCl (48 mg, 0.32 mmol) were added to a stirred 

solution of diol 327 (74 mg, 0.24 mmol) in DMF (1.5 mL) at 0 °C and stirred for 30 min. 

The reaction mixture was quenched with a solution of NaHCO3 and further extracted 

with Et2O. The combined organic phases were washed with brine, dried over anhydrous 

MgSO4, filtered, concentrated and the resulting crude product was directly used into the 

next step.  

Dess-Martin Periodinane (140 mg, 331 µmol) was added to a stirred solution previous 

crude of allylic alcohol 328 and NaHCO3 (116 mg, 1.38 mmol) in DCM (2.8 mL) at 0 °C 

and stirred for 1 hour. The reaction mixture was quenched with a mixture of 

H2O:NaHCO3(aq):Na2S2O3 (1:1:1) and was further extracted with DCM. The combined 

organic phases were washed with brine, dried over anhydrous MgSO4, filtered, 

concentrated and the resulting crude product was purified by column chromatography 

(4% Et2O in hexanes) to afford enone 329 (98 mg, 85% over 2 steps) as a white solid. 

1H NMR (600 MHz, CDCl3) δ 6.65 (d, J = 10.2 Hz, 1H), 5.44 (br s, 1H), 5.23 (dd, J = 

6.9, 9.5 Hz, 1H), 4.37 (d, J = 11.5 Hz, 1H), 4.21 (d, J = 11.5 Hz, 1H), 3.02–2.92 (m, 2H), 

2.77 (m, 1H), 2.27–2.09 (m, 3H), 1.95 (m, 1H), 1.88–1.73 (m, 3H), 1.70 (s, 3H), 1.65–

1.58 (m, 2H), 1.57 (s, 3H), 0.95 (d, J = 6.9 Hz, 3H), 0.87 (s, 9H), 0.71 (d, J = 6.8 Hz, 

3H), 0.06 (s, 3H), 0.05 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 202.2, 150.1, 138.4, 135.8, 131.4, 129.2, 121.6, 57.3, 

44.3, 39.7, 38.6, 38.6, 28.9, 28.8, 28.6, 26.1, 23.5, 23.3, 21.8, 21.4, 18.4, 15.9, -5.3, -

5.5. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C26H45O2Si 417.3183; Found 417.3181. 

[α]D20 = - 10.6 (c = 0.52) in CHCl3 

IR (neat): ν 2960, 2920, 2856, 2352, 1651, 1470, 1248, 1078, 829 cm-1 
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Preparation of diol 333 

 
RuCl3.xH2O (0.26 mg, 1.0 µmol) and NaIO4 (3.1 mg, 14.7 µmol) were added to a stirred 

solution of enone 329 (5.6 mg, 13.4 µmol) in a 1:1:1 mixture of EA:MeCN:H2O (1.5 mL) 

at 0 °C and stirred for 30 min. The reaction mixture was quenched with H2O, and further 

extracted with EA. The combined organic phases were washed with brine, dried over 

anhydrous MgSO4, filtered, concentrated and the resulting crude product was purified 

by column chromatography (15% EA in hexanes) to afford diol 333 (3.1 mg, 52%) as a 

white solid. 

1H NMR (600 MHz, CDCl3) δ 6.74 (d, J = 10.0 Hz, 1H), 5.46 (br s, 1H), 4.49 (d, J = 10.8 

Hz, 1H), 4.20 (d, J = 10.8 Hz, 1H), 3.82 (t, J = 5.5 Hz, 1H), 3.00–2.93 (m, 2H), 2.70 

(ddd, J = 6.7, 12.4, 16.8 Hz, 1H), 2.55 (ddd, J = 6.3, 12.4, 15.4 Hz, 1H), 2.41 (t, J = 7.3 

Hz, 1H), 2.05 (m, 2H), 1.95 (dt, J = 4.5, 17.2 Hz, 1H), 1.89 (ddd, J = 3.1, 6.6, 15.3 Hz, 

1H), 1.86–1.80 (m, 1H), 1.80–1.74 (m, 1H), 1.71 (s, 3H), 1.65 (m, 1H), 1.55 (s, 1H), 

1.26 (m, 1H), 1.19 (s, 3H), 0.96 (d, J = 6.9 Hz, 3H), 0.89 (s, 9H), 0.70 (d, J = 6.9 Hz, 

3H), 0.10 (s, 3H), 0.08 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 200.7, 152.5, 138.5, 135.6, 121.6, 79.4, 75.8, 57.4, 45.0, 

40.6, 39.7, 38.2, 38.0, 33.2, 29.0, 25.9, 24.3, 23.6, 21.4, 21.4, 18.3, 15.4, -5.3, -5.5. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C26H47O4Si 451.3238; Found 451.3239. 
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Preparation of epoxide 334 

 
M-CPBA (39 mg, 0.17 mmol) was added to a stirred solution of enone 329 (60 mg, 0.14 

mmol) in DCM (2.9 mL) at -20 °C and stirred for 30 min. The reaction mixture was 

quenched with a solution of Na2S2O3(aq) and was further extracted with DCM. The 

combined organic phases were washed with brine, dried over anhydrous MgSO4, 

filtered, concentrated and the resulting crude product was purified by column 

chromatography (10% Et2O in hexanes) to afford epoxide 334 (31.7 mg, 85%) as a 

white solid. 

1H NMR (600 MHz, CDCl3) δ 6.70 (d, J = 10.1 Hz, 1H), 5.45 (br s, 1H), 4.57 (d, J = 10.6 

Hz, 1H), 4.13 (d, J = 10.6 Hz, 1H), 3.05 (dd, J = 8.6, 17.3 Hz, 1H), 2.85 (dt, J = 6.0, 

11.0 Hz, 1H), 2.77–2.70 (m, 2H), 2.38 (t, J = 6.6 Hz, 1H), 2.10 (dd, J = 8.8, 15.1 Hz, 

1H), 2.00–1.89 (m, 3H), 1.85–1.78 (m, 1H), 1.74 (m, 1H), 1.72 (s, 3H), 1.63 (m, 1H), 

1.40 (ddd, J = 7.6, 10.9, 15.6, 1H), 1.16 (s, 3H), 0.94 (d, J = 7.0 Hz, 3H), 0.88 (s, 9H), 

0.67 (d, J = 6.9 Hz, 3H), 0.09 (s, 3H), 0.06 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 201.9, 151.8, 138.3, 135.6, 121.8, 68.7, 61.9, 56.6, 43.3, 

40.0, 38.1, 37.6, 29.4, 29.1, 29.1, 26.1, 23.6, 22.4, 21.6, 21.3, 18.5, 15.2, -5.2, -5.5. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C26H45O3Si 433.3132; Found 433.3131. 

[α]D20 = - 8.8 (c = 1.0) in CH2Cl2 

IR (neat): ν 2949, 2919, 2849, 1664, 1426, 1101, 701 cm-1 



155 

Preparation of phenylseleno ketone 340 

 
LiHMDS (46 µL, 46 µmol, 1M in hexanes) was added to a stirred solution of enone 334 

(10 mg, 23 µmol) in THF (2.5 mL) at -78 °C and stirred for 1 h. After that, phenylselenyl 

chloride (8.8 mg, 46 µmol) was added in the minimum of THF and the reaction was 

stirred for 30 min more at the same temperature. The reaction mixture was quenched 

with a solution of Na2S2O3(aq) and was further extracted with EA. The combined organic 

phases were washed with brine, dried over anhydrous MgSO4, filtered, concentrated 

and the resulting crude product was purified by column chromatography ( EA in 

hexanes) to afford phenylseleno ketone 340 (12.4 mg, 92%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.63–7.59 (m, 3H), 7.33–7.30 (m, 2H), 7.00 (d, J = 10.1 

Hz, 1H), 5.45 (br s, 1H), 4.55 (d, J = 10.6 Hz, 1H), 4.12 (d, J = 10.6 Hz, 1H), 4.04 (dd, J 

= 8.3, 11.6 Hz, 1H), 2.82 (ddd, J = 6.0, 10.7, 11.5, 1H), 2.72 (dd, J = 2.3, 11.0 Hz, 1H), 

2.57 (dd, J = 8.4, 15.0 Hz, 1H), 2.38 (m, 1H), 1.97 (m, 1H), 1.92 (m, 1H), 1.87–1.78 (m, 

3H), 1.71 (s, 3H), 1.67 (m, 1H), 1.37 (ddd, J = 7.7, 11.1, 15.6 Hz, 1H), 1.15 (s, 3H), 0.99 

(d, J = 6.9 Hz, 3H), 0.87 (s, 9H), 0.73 (d, J = 6.9 Hz, 3H), 0.07 (s, 3H), 0.03 (s, 3H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C32H49O3SeSi 589.2611; Found 589.2608. 

Preparation of triene 341 

 
MCPBA (39 mg, 0.17 mmol) was added to a stirred solution of phenylseleno ketone 340 

(60 mg, 0.14 mmol) in DCM (2.9 mL) at -20 °C and stirred for 30 min. The reaction 
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mixture was quenched with a solution of Na2S2O3(aq) and was further extracted with 

DCM. The combined organic phases were washed with brine, dried over anhydrous 

MgSO4, filtered, concentrated and the resulting crude product was purified by column 

chromatography (10% Et2O in hexanes) to afford epoxide 341 (31.7 mg, 85%) as a 

white solid. 

1H NMR (600 MHz, CDCl3) δ 7.00 (d, J = 10.9 Hz, 1H), 6.37 (d, J = 12.6 Hz, 1H), 6.22 

(d, J = 12.6 Hz, 1H), 5.48 (br s, 1H), 4.60 (d, J = 11.0 Hz, 1H), 4.22 (d, J = 11.0 Hz, 

1H), 2.86 (dt, J = 6.2, 11.1 Hz, 1H), 2.81 (dd, J = 2.1, 11.1, 1H), 2.29 (m, 1H), 2.04 (d, J 

= 15.2 Hz, 1H), 1.93 (m, 1H), 1.80 (m, 1H), 1.72 (s, 3H), 1.62 (m, 1H), 1.52 (m, 1H), 

1.32 (ddd, J = 7.1, 11.0, 15.1 Hz, 1H), 1.28 (s, 3H), 0.90 (d, J = 6.9 Hz, 3H), 0.89 (s, 

9H), 0.66 (d, J = 6.8 Hz, 3H), 0.10 (s, 3H), 0.08 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 198.2, 158.3, 139.3, 138.7, 135.0, 132.9, 122.2, 70.1, 

62.8, 56.0, 43.2, 39.7, 38.4, 30.1, 29.1, 26.1, 23.4, 21.6, 21.3, 18.5, 15.4, -5.3, -5.5. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C26H43O3Si 431.2976; Found 431.2978. 

[α]D20 = - 5.5 (c = 0.1) in CHCl3 

IR (neat): ν 2959, 2926, 2855, 1658, 1453, 1248, 1057, 826 cm-1 
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Chapter 3.  
 
Carbafucose Project 

3.1. Introduction 

Antibody-dependent cell-mediated cytotoxicity (ADCC) is an essential cell-

mediated immune defense mechanism in which an effector cell is recruited to eradicate 

a target through the formation of an antibody-antigen complex. ADCC’s activation 

usually involves immunoglobulin G, although immunoglobulin E can be observed on 

specific pathogen surfaces (e.g., parasites).141 This process is part of the humoral 

immune response where antibodies have the main objective of containing infections. 

First and foremost, white blood cells (e.g., B-cells) produce antibodies directed towards 

a specific antigen present on the cell membranes of an invader (e.g., cancer, bacteria, 

virus, parasite). Once these antibodies encounter their target, they form an 

antigen/antibody complex. From there, the constant region of the antibody (i.e., Fc 

region) is recognized by specific effector cells (e.g., natural killers (NK), macrophages, 

neutrophils and eosinophils) via the Fc receptors on their surface. Finally, effector cells 

release various chemicals that lyse and ultimately kill the cell bound to the antibody. 

One of the most common mechanisms operates through a calcium-dependent process, 

that once activated, triggers an exocytic cascade that ultimately releases several 

chemicals. For instance, the release of perforin creates a pore in the cell membrane to 

allow for the subsequent leakage of granzymes, a family of pro-apoptotic proteases that 

actively destroy the target through DNA fragmentation thus leading to lysis.142 Other 

mechanisms of destruction exploit reactive oxygen species or Fas ligands which 

similarly lead to cell death. 

3.1.1. Afucosylated Monoclonal Antibodies 

After transcription, gene expression takes place in the cytoplasm. Specifically, 

the role of ribosomes is to decode and translate the messenger ribonucleic acid 

(mRNA) into corresponding proteins. The latter subsequently undergo several post-

translational modifications (PTMs) that increase the proteome’s functional diversity. 
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This process is performed through numerous chemical modifications (e.g., covalent 

additions, cleavage, or degradation). An important class of PTMs involves glycosylation 

of eukaryotic proteins which are known to play essential roles in a wide range of 

biological processes (e.g., stability, activity, protein folding). Specifically, glycosylation 

of antibodies has a dramatic impact on their potency, biodistribution, and recycling.143 In 

2002, the Shields research group made a discovery that revolutionized the research 

around antibodies for cancer therapy. Indeed, researchers have reported that N-

glycosylation at Asn297 in the CH2 domain of IgG1 had a significant effect on the 

interaction between the antibody Fc region and the Fcy receptor (Fcy RIIIa) expressed 

on natural killer (NK) cells.144 More precisely, fucosylation of this glycan had a 

deleterious impact on Fc receptor binding due to a steric barrier that prevents the 

alignment with the IgG1 binding site. Moreover, their research showed that the loss of 

fucose in the glycan led to a ~50-fold increase in ADCC. Following this discovery, a rise 

in interest in the development of fucose-deficient (FD)-antibodies was immediately 

noticed.   

3.1.2. How to Produce Afucosylated Antibodies 

Currently, there are five different approaches to make afucosylated antibodies. 

Manipulating cell-growth conditions to decrease core fucosylation is one way to reach 

this objective. Indeed, several parameters such as CO2 partial pressure, media hold 

duration (37 °C) and the presence of manganese have shown an influence on the 

formation of afucosylated antibodies.145 Genetically engineered cell lines to impair 

fucose utilization represent another method to decrease the fucosylation of antibodies. 

For example, disruption of both FUT8 alleles in Chinese hamster ovary (CHO) cell lines 

allowed for the production of completely afucosylated recombinant antibodies.146 Editing 

glycosylation after antibody purification illustrates a different perspective in the 

generation of afucosylated antibodies using chemoenzymatic glycoengineering.147 

Another approach uses the transgenic heterologous expression of bacterial enzymes 

that consume the building blocks required for the de novo synthesis of fucose leading to 

the incapacity of producing fucosylated antibodies.148 Finally, the synthesis of small 

molecules that inhibit antibody fucosylation (i.e., via enzyme inhibition) has become 

popular in the scientific community as depicted with deoxymannojirimycin discovery, a 

known inhibitor of mannosidase.149 Currently, 30 FD-antibodies are being investigated 
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in clinical trials while 3 afucosylated antibodies were approved by the FDA. These 

ongoing investigations further emphasize the general interest in producing antibodies 

that are capable of improving ADCC. 

3.1.3. Background of Small Molecule Inhibitors  

Small molecule inhibitors are particularly attractive given that they represent a 

significantly cheaper alternative for the production of FD-antibodies. Indeed, this 

method of production does not require the development of specific cell lines or 

expensive purification processes.150,151 In 2008, Zhou’s group showed that the natural 

product known as kifunensine was modulating the glycosylation of human monoclonal 

antibodies. More specifically, inhibition of mannosidase I led to the formation of 

oligomannose-type N-glycans.152 Although these efforts resulted in the formation of FD-

antibodies that showed an improved ADCC (~ 8-fold), the oligomannose structure was 

rapidly cleared from the body thus preventing its use as an immunotherapeutic.153  

More recently, several additional inhibitors of antibody fucosylation have been 

reported.151 These carbohydrate analogs are metabolized into their GDP-derivatives 

and act by inhibiting GDP-mannose-4,6-dehydratase (GMD) and/or α-1,6-

fucosyltransferase (FUT8). Amongst these recent advances, Seattle Genetics 

discovered that 2-fluorofucose 358 and 5-alkynylfucose 359 partly blocked antibody 

fucosylation in the Chinese hamster ovary (CHO). Unfortunately, incorporation of these 

synthetic compounds into glycoproteins (i.e., between 0.5 to 3%) raised important 

health concerns as it could trigger an unwanted immune response.151,154,155 Similarly, 

ethynyl 360, nitrile 361, ester 362, alkyl bromide 363, and difluoromethane 364 fucose 
analogues all inhibited antibody fucosylation while also presenting a high rate of N-

glycan incorporation (i.e., >50%) (Figure 3.1a).151,154,155 Three years later, Amgen 

reported a series of additional promising compounds. Indeed, they disclosed that 6,6,6-

trifluoromethylfucose 365 efficiently blocked IgG1 mAbs fucosylation expressed in CHO 

cells but again was similarly incorporated at a level of 0.5% in the antibody glycan. 

Interestingly, it was found that fucophosphonate 366 not only blocked the fucosylation 

but also did not transfer onto the N-glycan. Unfortunately, stability problems combined 

with high cellular toxicity and decreased potency (~10-fold less potent) forced Amgen to 

halt further use of this compound (Figure 3.1b).150 Interestingly, Toyokuni showed that 

GDP-carbafucose 367 inhibited antibody fucosylation in vitro demonstrating that the 
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endocyclic oxygen was not mandatory to display activity (Figure 3.1c).156 This discovery 

was further confirmed when the synthesis of 5-thiofucose 368 was performed and the 

subsequent metabolization of 368 into its GDP analog 369 led to fucosyltransferase 

inhibition (Figure 3.1d).157 

 
Figure 3.1. Seattle Genetics’, Amgen’s and Toyokuni’s inhibitors 

3.1.4. Objectives 

Unfortunately, apart from fucophosphonate 366 (highly toxic), all tested 

compounds in the production of FD-antibodies displayed significant incorporation in the 
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antibody N-glycan. To cope with this problem, we aimed to develop new potent 

inhibitors of fucosyltransferase that cannot be incorporated into the N-glycan. 

Replacement of the endocyclic oxygen with a methylene unit was anticipated to prevent 

the incorporation of the inhibitors since the oxocarbenium ion intermediate involved in 

enzymatic glycosylation processes would be avoided.158,159 Combining the knowledge 

acquired from Amgen’s, Seattle Genetics’ and Toyokuni’s investigations, we aimed to 

synthesize a series of carbafucose derivatives that will be evaluated in vitro. 

3.2. Britton’s and Vocadlo’s Investigations 

3.2.1. Preliminary Work  

Synthesis of Carbafucose Analogs 

To support the testing of carbafucose 377 and 2-fluorocarbafucose 384, a 

concise, efficient and scalable synthesis was required. Using Britton’s methodology 

involving the organocatalytic α-chlorination/aldol and α-fluorination/aldol reactions, 

chlorohydrin 371 and fluorohydrin 380 were synthesized in decent yields displaying 

impressive diastereoselectivity.160,161 To ultimately generate carbafucose 377, Julia 

olefination was performed on 371 and delivered diene 373. Subsequent deprotection of 

373 followed by ring-closing metathesis (RCM) yielded carbacyclic cyclohexene 374 in 

modest yield. Treatment with a NaOH aqueous solution at reflux delivered unsaturated 

carbafucose 376 which was finally submitted to hydrogenation conditions to generate a 

mixture of carbafucose 377 and 378 (Scheme 3.1a). In a similar fashion, 2-deoxy-2-

fluorocarbofucose 383 and 384 were prepared (Scheme 3.1b). To further increase cell-

permeability, the per-acetylated counterparts 385 and 386 were also prepared (Scheme 

3.1c). 
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Scheme 3.1. α-chlorination/aldol and α-fluorination/aldol strategies 
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Bioactivity and Mechanism of Action of Carbafucose Analogs 

In our initial experiments, 8 compounds (4 fucose analogs and their 4 

peracetates) were tested to assess their efficiency in inhibiting antibody fucosylation 

(Table 3.1). Cultures of ExpiCHO cells were incubated with each compound at a 

concentration of 0.1 mM. After 8 days, the cells were collected, and the antibodies were 

purified and deglycosylated. Subsequently, the glycans were purified and analyzed by 

capillary electrophoresis-laser-induced fluorescence (E-LIF). In the control experiment, 

two structures of glycans were mainly found on therapeutic Her2 antibody: FA2G2S1 

(16.8%) and FA2 (78.7%), both possessing a fucose unit. The A2 structure represents a 

glycan without any fucose unit. Only carbafucose and its peracetylated counterpart 

showed a significant increase in fucose deficient antibodies. Indeed, antibodies 

expressed in the presence of carbafucose 377 showed a >70% increase in FD-

antibodies. 
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Table 3.1. Structure of glycans commonly found on therapeutic Her2 
antibody expressed at a contract research organization (CRO, 
Catalent) and the fraction of each found when using our first set 
of candidate carbafucose analogues 

 
glycan ctrl(%) 376(%) 387(%) 382(%) 388(%) 377(%) 385(%) 384(%) 386(%) 

FA2G2S2 0.0 0.0 0.0 0.0 0.0 3.3 0.0 0.0 0.0 

FA2(6)G1S1 0.0 0.9 0.8 0.9 0.0 17.2 5.4 0.0 0.0 

A2 0.0 0.0 0.0 0.0 0.0 70.6 33.2 0.0 0.0 

FA2G2S1 16.8 16.4 15.9 17.0 16.6 0.0 0.0 16.8 16.4 

FA2 78.7 76.8 77.7 77.3 79.5 8.8 57.0 79.3 78.9 

FA2(6)G1 0.0 4.4 4.1 3.9 3.9 0.0 3.6 3.9 3.9 

FA2(3)G1 0.0 0.7 0.6 0.0 0.0 0.0 0.0 0.0 0.0 

A2BG2 0.0 0.8 0.8 0.8 0.0 0.0 0.8 0.0 0.8 

F-glycan 100 99.2 99.2 99.2 100 29.4 66 100 99.2 
Note: Structures of N-glycans are shown at top using the Consortium for Functional Glycomics (CFG) image notation 
for monosaccharides showing the N-glycans commonly found on antibodies and annotated using the Oxford Notation. 
Strikingly, in these unoptimized experiments we found that carbafucose resulted in marked production of A2 N-glycan, 
which represents FD antibody. FD-antibody glycans are shows at top in the blue box and lack the red triangle that 
represents fucose. 

Unfortunately, this assay was performed by Catalent and represented a 

significant expense (about $3,000 per compound) ultimately forcing us to develop our 

own in-house bioassay. Using CHO-K1 cell lines that solely express one 

fucosyltransferase (i.e., FUT8), the Vocadlo group was able to determine the 

percentage of fucosylation for each inhibitor depending on their concentration. The cells 

were incubated with a specific lectin (i.e., Aleuria aurantia lectin (AAL)) that is linked to 

a fluorophore (i.e., FITC). The lectin protein recognizes and binds to N-glycans that are 

core-fucosylated thus emitting a fluorescent signal. The cells are washed to remove the 

extra lectin and subsequently analyzed by fluorescence microscopy. Using this 

bioassay, it was found that dose-dependent effects were greater for 2-

fluorocarbafucose 384 (IC50 = 15 µM) than the 2-fluorofucose counterpart 358 (IC50 = 
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110 µM). These results further emphasized the potential of carbafucose analogs over 

their fucose counterparts and showed that fucosylation inhibitors can be produced that 

are incapable of transfer to the N-glycan. 

3.2.2. Previous work 

My co-worker Dr. Wang was the first member of the Britton group to work on the 

synthetic aspect of the project. Dr. Wang commenced the synthesis of the carbafucose 

counterparts of the main fucosyl transferase inhibitors reported by Seattle Genetics and 

Amgen (Figure 3.2).  

 
Figure 3.2. Carbafucose counterparts of known inhibitors 
Note: these compounds were made by Dr. Wang (squared) 

Dr. Wang expected to produce these targets through a common intermediate: 

aldehyde 397 (Figure 3.3). Indeed, a series of synthetic modifications of the carbonyl 

moiety were thought to provide access to several targeted molecules (e.g., Grignard 

addition, Appel reaction, Wittig olefination, or Seyferth-Gilbert homologation). 

 
Figure 3.3. Molecular structure of precursor 397 
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As an alternative synthesis of carbafucose, we initiated with the chiral pool 

material L-Quebrachitol (398), a cheap and commercially available carbasugar. First, 

bis-acetonide protection of 398 was performed and the remaining alcohol was then 

oxidized into the corresponding ketone to provide 400. Subsequent Wittig olefination 

offered vinyl ether 401 in poor yield. Finally, submission to acidic conditions delivered 

397 in a 54% yield step (Scheme 3.2). 

 
Scheme 3.2. Synthesis of aldehyde 397 

With aldehyde 397 in hand, the synthesis of several analogs commenced. 

Protection of diol was performed followed by the Grignard addition of ethyl magnesium 

bromide to deliver alcohol 403. A sequence of oxidation/hydrogenation/deprotection 

steps led to 5-ethyl ketone carbafucose 392 (Scheme 3.3). 



167 

 
Scheme 3.3. Synthesis of 5-ethyl ketone carbafucose 392 

To generate carbafucose methyl ester 389, the initial protection step was 

repeated followed by oxidation of aldehyde 402 into the corresponding carboxylic acid 

406. Subsequent esterification with TMS-diazomethane provided α,β-unsaturated ester 

407 that was in turn hydrogenated to yield 408. Final alcohol deprotection delivered the 

second target 389 (Scheme 3.4). 

 
Scheme 3.4. Synthesis of 5-methyl ester carbafucose 389 
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To accomplish the synthesis of 5-cyanocarbafucose, protected aldehyde 402 
was immediately transformed into the nitrile counterpart 409 in 45% yield over 2 steps. 

A subsequent sequence of hydrogenation/deprotection steps generated 391 (Scheme 

3.5). 

 
Scheme 3.5. Synthesis of 5-cyanocarbafucose 391 

For the synthesis of the remaining targets, protected carbafucose methyl ester 

389 was used as the common intermediate. Reduction of the ester into primary alcohol 

411 followed by Appel reaction and deprotection provided 5-bromomethyl carbafucose 

390 in good yield (Scheme 3.6). 

 
Scheme 3.6. Synthesis of 5-bromomethyl carbafucose 390 
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Similarly, protected carbafucose methyl ester 389 was reduced and 

subsequently converted into mesylate 413. Submission to super-hydride (lithium triethyl 

borohydride) followed by global deprotection led to the formation of carbafucose 377 in 

good overall yield (60% over 4 steps). Thus, this route provided complimentary access 

to our lead inhibitor (Scheme 3.7). 

 
Scheme 3.7. Synthesis of carbafucose 377 

To synthesize the final target, Dr. Wang performed a sequence of 

reduction/oxidation steps to deliver aldehyde 415. Subsequent Wittig reaction allowed 

for the formation of protected vinyl carbafucose 416 that was further deprotected to 

yield the alkene 393 (Scheme 3.8). 
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Scheme 3.8. Synthesis of 5-vinyl carbafucose 393 

3.2.3. Dr. Wang’s Remaining Targets 

As I joined the project, remaining efforts were directed toward the synthesis of 

alkynyl carbafucose 395, 6,6,6-trifluorocarbafucose 394 and 6-flurocarbafucose 396 

(Figure 3.4). 

 
Figure 3.4. Remaining targets 394, 395 and 396 

We anticipated that these analogs could be generated through the 

deoxygenation of different tertiary alcohol analogues (420, 421, and 422). Further 

disconnection would lead to ketone 423, which would be submitted to the addition of 

different nucleophiles. Finally, we envisioned that ketone 423 could be traced back to 

vinyl bromide 424, a functional intermediate synthesized from commercially available 

diene 425 (Scheme 3.9). 
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Scheme 3.9. Retrosynthetic disconnections 

Excitedly, we commenced the investigation with the protection of commercially 

available 425 to generate acetonide 426 in excellent yield. Next, selective epoxidation 

provided vinyl bromide 427 in modest yield. We believed that the bicyclic conformation 

favored the mCPBA attack on the top face thus leading to a single diastereoisomer. 

Further epoxide opening provided 428 that was subsequently deprotected to deliver diol 

429.162 Finally, TBS-protection yielded vinyl bromide 424, the first target of this 

retrosynthetic approach163 (Scheme 3.10).  

 
Scheme 3.10. Synthesis of vinyl bromide 424 

With 424 in hand, we attempted the replacement of C5-bromine by a hydroxyl 

group to further deliver ketone 423. We anticipated that a palladium-catalyzed coupling 
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between vinyl bromide 424 and piperidine could provide the desired ketone via enamine 

formation (Scheme 3.11). Unfortunately, the yield of the reaction was very poor (8% to 

12%) which led us to seek alternative routes to ketone 411. Thus, formation of a vinyl 

anion through a lithium-bromide exchange and subsequent reaction with a borate 

furnished the boronic ester in situ. Subsequent oxidative cleavage of the carbon-boron 

bond delivered the corresponding ketone 411, which led to a significant improvement in 

the yield (i.e., 78% vs 10%). With a considerable amount of 411 in hand, we assessed 

the feasibility of our strategy. The addition of trimethylsilyl acetylene on ketone 411 

yielded a diastereoisomerically pure tertiary alcohol 408 that was not characterized due 

to future racemization (Scheme 3.11). 

 
Scheme 3.11. formation of ketone 423 and subsequent alkyne formation 
Note: The ketone synthesis was performed by my colleague Dr. Narasimha Thota  

We first subjected the tertiary alcohol 420 to sodium cyanoborohydride in the 

presence of zinc iodide, which provided the asymmetric acetonide opened product 

431.164 A similar outcome was observed when using boron trifluoride and Et3SiH 

ultimately providing the TES-protected counterpart 432.165 Finally, the use of 

tungstophosphoric acid was also fruitless, leaving starting material 430 unreacted 

despite prolonged reaction times and heating (Scheme 3.12).166 
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Scheme 3.12. Deoxygenation of tertiary alcohol 420 

 We next explored Barton-McCombie reaction, which involves two consecutive 

steps: esterification and deoxygenation. Although several esters can be used, two 

parameters are crucial for carrying out a radical reaction in the optimum conditions: a 

dry and oxygen free reaction medium. Indeed, the presence of water or oxygen can 

dramatically reduce the lifetime of the radicals thus preventing the reaction from 

occurring, and ultimately leading to ester hydrolysis (Scheme 3.13). 

 
Scheme 3.13. Classic Barton-McCombie pathway 

Toward this goal, methyl chlorooxoacetate 434 and DMAP were employed to 

protect tertiary alcohol 420 thus yielding the corresponding ester 437 in good yield. 

Notably, the purification of 437 must be performed rapidly to prevent hydrolysis. With 

ester 437 in hand, we modified the standard operating procedure of the deoxygenation 

step to fulfill the criteria (i.e., dryness and absence of oxygen). Reagents were split into 

two different reactors i) ester 437, AIBN and toluene and ii) tributyltin hydride. Toluene 

and tin reagents were initially dried on molecular sieves (MS 4Å) overnight. Each 

solution was sparged with a strong flow of nitrogen gas for 30 minutes. Thereafter, the 

reaction was performed and delivered the deoxygenated product in 52% yield over 2 

steps as a mixture of diastereoisomers 417 and 438 (d.r. = 1:4) (Scheme 3.14). 
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Unfortunately, the diastereoisomeric ratio was in favor of undesired isomer 438 after 

careful analysis of 1D NOESY experiments. 

 
Scheme 3.14. Deoxygenation sequence on alkynyl 420 

Although these diastereoisomers were not separable, we anticipated that TMS-

deprotection would facilitate separation. Thus, treatment of the mixture of isomers 417 

and 438 with potassium carbonate in methanol, enabled selective removal of the TMS 

group, and yielded a mixture of separable diastereoisomers 439 and 440. We 

concluded that the diastereoisomeric ratio was 3:1 in favor of the undesired isomer 440. 

Finally, deprotection of the TBS and acetonide groups under acidic conditions delivered 

the 5-alkynylcarbafucose 395 (Scheme 3.15). 

 



175 

 
Scheme 3.15. Synthesis of 5-alkynyl carbafucose 395 

Delighted with the success of this approach, we sought to adapt this sequence 

for the synthesis of 5-trifluoromethyl carbafucose. However, to apply a similar strategy, 

a nucleophilic source of the “CF3
-“ anion was required. Fortunately, the Olah group 

previously reported that TMS-CF3 was easily added to ketones and aldehydes with a 

catalytic amount of TBAF.167 The mechanism involves two steps: induction and 

propagation. First, a small amount of ‘CF3
-‘ is released by the action of fluoride which 

then reacts on ketone 441 to form the corresponding alkoxide 443 (i.e., induction step). 

The newly-formed alkoxide then triggers the formation of a second ‘CF3
-‘ by itself 

reacting with the “Si” center in the reagent. Finally, a slightly acidic workup results in 

hydrolytic cleavage of the TMS group to generate the corresponding free alcohol 446 

(Scheme 3.16). 
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Scheme 3.16. Mechanism of the “CF3-“ addition  

Although the scope of the reaction reported by Olah was very narrow (i.e., 

limited to aliphatic and/or unhindered ketones and aldehydes), we applied these 

conditions to substrate 423. Fortunately, the reaction smoothly delivered the desired 

TMS-protected tertiary alcohol which was further deprotected to deliver 421 as a 

mixture of diastereoisomers. The corresponding oxalyl ester was synthesized but 

appeared to be even more unstable than the alkyne counterpart 437. After rapid work-

up and a flash chromatography, a significant amount of starting material 421 was 

observed by TLC analysis and NMR spectroscopy. Immediately, the deoxygenation 

was carried out and delivered a mixture of diastereoisomers 418 and 447 in low yield 

(1.2:1 in favor of 447). The remaining starting material was recovered and resubmitted 

to the same sequence of reactions. Similar to the alkynyl products, the CF3 

diastereoisomers were not isolable at this stage. To facilitate separation, the TBS 

groups were selectively removed and the products 448 and 449 were separated and 

isolated. Finally, acetonide deprotection provided both 6,6,6-trifluorocarbafucose 394 

and 450 (Scheme 3.17). 
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Scheme 3.17. Synthesis of trifluoromethyl carbafucose 450 and 394 

Preliminary results showed that 6,6,6-trifluorocarbafucose 394 was moderately 

active in comparison to carbafucose 377 (i.e., 394: IC50 = 320 µM vs 377: IC50 = 15 µM). 

To further assess the impact of the fluorine on the C6 methyl group, we decided to 

synthesize 6-fluorocarbafucose 396, which could be prepared in a similar manner to the 

trifluoromethyl carbafucose but required a nucleophilic source of “FCH2
-“. Fortunately, 

Luisi’s group developed a robust methodology that was anticipated to provide the 

desired compound.168 We applied this methodology to ketone 423 which provided the 

corresponding alcohol 422 as a mixture of isomers in good yield. Carrying out the same 

sequence of reactions, both 6-fluorocarbafucose isomers 396 and 454 were 

synthesized. Finally, peracetylation of 396 was performed to generate tetraacetate 455 

in 85% yield (Scheme 3.18). 
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Scheme 3.18. Synthesis of 454, 396 and 455 

Unfortunately, none of these compounds showed an improved inhibition of 

protein fucosylation when compared to carbafucose 377 (Figure 3.5). Thus, we 

envisioned taking a different approach by focusing on modifications of carbafucose 377. 
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Figure 3.5. Inhibitors and their IC50 value 

3.2.4. New targets 

At this point, expecting an increased demand for carbafucose, the development 

of a more efficient synthesis of 377 was set as a top priority. Indeed, generating a 

sufficient amount of carbafucose 377 would allow us to synthesize several additional 

derivatives. Moreover, a robust synthesis might be required in the future for the 

industrial production of large batches of afucosylated antibodies. Trisubstituted alkene 

456 was envisioned to be a logical common intermediate accessible from the 

corresponding vinyl bromide 424 (Scheme 3.19). 
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Scheme 3.19. Retrosynthetic approach to synthesize 456 

Vinyl bromide 424 was treated with tert-butyllithium which triggered a lithium-

halogen exchange that was immediately subjected to iodomethane to deliver alkene 

456 in a concise and high-yielding manner. Unfortunately, hydrogenation of alkene 456 

failed to provide the protected carbafucose 414 in an acceptable yield. The conversion 

was poor even when the reaction was performed under high pressure (i.e., 50 psi). The 

major side-product was found to be substrate 457 arising from the allylic deoxygenation 

of 456 (Scheme 3.20). 

 
Scheme 3.20. Failed hydrogenation attempt on 456 

We envisioned that the presence of the TBS groups impacted the 

hydrogenation. To assess our theory, alkene 456 was submitted to TBAF and delivered 

the corresponding diol 458. Fortunately, subsequent hydrogenation provided saturated 

diol 459 and 460 in good yield as a mixture of separable isomers (i.e., 5:1 in favor of 

459) (Scheme 3.21). 
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Scheme 3.21. Hydrogenation success 

After isolation, both diastereoisomers 459 and 460 were independently 

submitted to a methanolic solution of HCl to provide carbafucose 377 and the epimer 

378. Finally, peracetylation of carbafucose 377 was performed and delivered 

tetraacetate carbafucose 461 (Scheme 3.22). 

 
Scheme 3.22. Synthesis of carbafucose 377, isomer 378 and peracetylate 461 

3.3. Future Direction 

Given that carbafucose 377 appeared to be the best inhibitor among all the 

analogs assessed in our own in-house bioassay, further modifications at C6 may not 

prove useful. However, in combination with phosphorylation at C1-OH the existing 
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modified carbafucose analogs may prove to have enhanced activity and is a pathway 

that should be explored. 

Ultimately, the development of a more robust and scalable synthesis of 

carbafucose is necessary. Indeed, the currently employed strategy is inadequate for 

producing large amounts of carbafucose. More specifically, the cost and the safety 

profile of the reagents combined with the long and fastidious process that involves 

several selectivity issues rendered the implementation of this synthesis impossible on a 

larger scale. 

3.4. Conclusion 

In conclusion, Chapter 3 has presented the development of several syntheses to 

perform a thorough structure-activity-relationships study to generate potent inhibitors for 

the production of FD-antibodies. Although none of the synthesized compounds 

displayed better activity than carbafucose 377, this study paved the path for the 

synthesis of potential inhibitors with C1 modifications. Indeed, the robust method 

developed to synthesize a decent amount of carbafucose 377 will allow further 

screening of the impact of several protected phosphoric acids at C1. 
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3.5. Experimental 

General: 
All reactions described were performed under an atmosphere of dry argon using oven 

dried glassware. Tetrahydrofuran was distilled over Na/benzophenone and 

dichloromethane was dried by distillation over CaH2. All other solvents were used 

directly from EMD drysolv septum sealed bottles unless otherwise specified. Cold 

temperatures were maintained using following reaction baths: -115 °C, EtOH-N2(l); -78 

°C, acetone-dry ice; temperatures between -40 °C to -20 °C were maintained with a 

Polyscience VLT-60A immersion chiller.  

All reagents and starting materials were purchased from Sigma Aldrich, Alfa Aesar, TCI 

America, Arcos or Carbosynth and were used without further purification. All solvents 

were purchased from Sigma Aldrich, EMD, Anachemia, Caledon, Fisher or ACP and 

used without further purification unless otherwise specified. 

Flash chromatography was carried out with 230-400 mesh silica gel (E. Merck, Silica 

Gel 60) following the technique described by Still.174 Thin layer chromatography was 

carried out on commercial aluminum backed silica gel 60 plates (E. Merck, type 5554, 

thickness 0.2 mm). Visualization of chromatograms was accomplished using ultraviolet 

light (254 nm) followed by heating the plate after staining with one of the following 

solutions: (a) p-anisaldehyde in sulphuric acid-ethanol mixture (5% anisaldehyde v/v 

and 5% sulphuric acid v/v in ethanol); (b) 1% potassium permanganate w/v, 6.6% 

potassium carbonate w/v, and 1% v/v 10% sodium hydroxide in water. Concentration 

and removal of trace solvents was done via a Büchi rotary evaporator using acetone-

dry-ice condenser and a Welch vacuum pump.  

Nuclear magnetic resonance (NMR) spectra were recorded using CDCl3 or CD3OD. 

Signal positions (δ) are given in parts per million from tetramethylsilane (δ 0) and were 

measured relative to the signal of the solvent (1H NMR: CDCl3: δ 7.26, CD3OD: δ 3.31, 

D2O: δ 4.79; 13C NMR: CDCl3: δ 77.16, CD3OD: δ 49.00). Coupling constants (J values) 

are given in Hertz (Hz) and are reported to the nearest 0.1 Hz. 1H NMR spectral data 

are tabulated in the order: multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet; br., broad), coupling constants, number of protons. Proton nuclear magnetic 

resonance (1H NMR) spectra were recorded on a Bruker Avance II 600 equipped with a 
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QNP or TCI cryoprobe (600 MHz), Varian Inova 500 (500 MHz), Bruker Avance III 500 

(500 MHz), or Bruker Avance III 400 (400 MHz). Carbon nuclear magnetic resonance 

(13C NMR) spectra were recorded on a Bruker Avance 600 equipped with a QNP or TCI 

cryoprobe (150 MHz), Bruker Avance III 500 (125 MHz), or Bruker Avance III 400 (100 

MHz). Assignments of 1H and 13C NMR spectra are based on analysis of 1H-1H COSY, 

HSQC, HMBC and nOe spectra. 

Infrared (IR) spectra were recorded on a MB-series Bomem/Hartman & Braun Fourier 

transform spectrophotometer with internal calibration as films between sodium chloride 

plates. Only selected, characteristic absorption data are provided for each compound. 

High resolution mass spectra were performed on an Agilent 6210 TOF LC/MS using 

ESI-MS technique.  

Optical rotation was measured on a Perkin Elmer 341 Polarimeter at 589 nm. 

Preparation of vinyl bromide 424 

 
Potassium carbonate (200 mg, 1.45 mmol) was added to a stirred solution of acetate 

428 (402 mg, 1.31 mmol) in methanol (5 mL) and stirred for 1 h. The reaction mixture 

was concentrated under reduced pressure. The solid mass thus obtained was treated 

with saturated aq NH4Cl solution (10 mL) and extracted with ethyl acetate (20 mL). The 

aqueous layer was separated and further extracted with EtOAc (2 × 20 mL). The 

combined organic phases were washed with brine (20 mL), dried over anhydrous 

Na2SO4, filtered and concentrated to obtain the crude diol 429 as a pale-yellow viscous 

liquid.  

Without further purification, the crude diol was dissolved in CH2Cl2 (5 mL) and cooled to 

0 °C. Triethylamine (1.25 mL, 8.97 mmol) followed by tert-butyldimethylsilyl 

trifluoromethanesulfonate (0.90 mL, 3.92 mmol) was added dropwise. Ice bath was 

removed, and the reaction mixture was warmed to room temperature. After stirring for 
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10 h, reaction mixture was treated with saturated aq NH4Cl solution (10 mL) and 

extracted with Et2O (20 mL). The aqueous layer was separated and further extracted 

with Et2O (2 × 20 mL). The combined organic phases were washed with brine (20 mL), 

dried over anhydrous Na2SO4, filtered, concentrated and the resulting crude product 

was purified by column chromatography (10% Et2O in hexane) to afford 424 (491 mg, 

76% over 2 steps) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 6.06 (d, J = 3.4 Hz, 1H), 4.61 (d, J = 6.4 Hz, 1H), 4.16 (t, J 

= 6.2 Hz, 1H), 4.03 (m, 1H), 3.81 (t, J = 5.6 Hz, 1H), 1.49 (s, 3H), 1.39 (s, 3H), 0.90 (s, 

9H), 0.89 (s, 9H), 0.12 (s, 6H), 0.10 (s, 3H), 0.09 (s, 3H). 

Preparation of ketone 423 

 
A flame-dried 50-mL flask equipped with a magnetic stirring bar, an argon inlet, and a 

septum was charged with vinyl bromide 424 (565 mg, 1.14 mmol) and THF (6 mL). The 

mixture was cooled to –55 °C using dry-ice and acetone bath, then tert-butyllithium 

(1.45 M in pentane, 1.25 mL, 1.81 mmol) was added dropwise. The reaction mixture 

was stirred at –55 °C for 30 min, then triisopropylborate (neat, 1.10 mL, 4.77 mmol) was 

added dropwise. The dry-ice and acetone bath was removed, and the reaction mixture 

was slowly warmed up to room temperature and stirred for 60 h. Then NaBO3·4H2O 

(1.77 g, 11.5 mmol) and H2O (6 mL) was added. After the mixture had been stirred at rt 

for 24 h, it was poured into water (20 mL), extracted with Et2O (30 mL). The aqueous 

layer was separated and further extracted with Et2O (2 × 30 mL). The combined organic 

phases were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered, 

concentrated and the resulting crude product was purified by column chromatography 

(20% Et2O in hexane) to afford 423 (386 mg, 78% over the three steps) as a white 

solid. 
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1H NMR (500 MHz, CDCl3) δ 4.42 (m, 2H), 4.19 (m, 1H), 4.12 (m, 1H), 2.94 (dd, J = 

13.6, 2.9 Hz, 1H), 2.38 (dd, J = 13.6, 3.8 Hz, 1H), 1.41 (s, 3H), 1.36 (s, 3H), 0.92 (s, 9 

H), 0.86 (s, 9H), 0.16 (s, 3H), 0.13 (s, 3 H), 0.11 (s, 3H), 0.10 (s, 3H);  

13C NMR (126 MHz, CDCl3) δ 206.2, 110.6, 82.3, 78.1, 74.6, 70.3, 42.8, 27.3, 25.9, 

25.7, 25.6, 18.0, 17.9, –4.88, –4.91, –5.1. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C21H46NO5Si2 448.2909; Found 448.2913. 

IR (neat): ν 2953, 2926, 2886, 2852, 1731, 1362, 1248, 1081, 825 cm-1 

[α]D20 = +30.4 (c = 0.83) in CHCl3 

Preparation of alcohol 420 

 
To a stirred solution of ethynyltrimethylsilane (0.25 mL, 1.77 mmol) in THF (1 mL) under 

Ar atmosphere at –15 °C was added n-butyllithium (2.41 M in hexane, 600 μL, 1.45 

mmol). The reaction mixture was allowed to stir at –15 °C for 30 min, and then was 

cooled to –50 °C. Ketone 423 (201 mg, 0.467 mmol) in THF (2 mL) was added 

dropwise to the above reaction mixture and allowed to stir for 3 h between –50 °C and –

30 °C. Excess lithium trimethylsilylethanide was quenched by the addition of saturated 

aq NH4Cl solution (10 mL) and extracted with EtOAc (20 mL). The aqueous layer was 

separated and further extracted with EtOAc (2 × 20 mL). The combined organic phases 

were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered, concentrated 

and the resulting crude product was purified by column chromatography (20% Et2O in 

hexane) to afford 420 (235 mg, 95%) as a white solid.  

1H NMR (500 MHz, CDCl3) δ 4.23 (d, J = 5.4 Hz, 1H), 3.99 (t, J = 5.6 Hz, 1H), 3.77 (m, 

1H), 3.65 (dd, J = 8.0, 5.9 Hz, 1H), 2.09 (dd, J = 13.0, 3.8 Hz, 1H), 2.00 (dd, J = 13.0, 

9.7 Hz, 1H), 1.54 (s, 3H), 1.37 (s, 3H), 0.91 (s, 9H), 0.90 (s, 9H), 0.18 (s, 9H), 0.13 (s, 

3H), 0.12 (s, 3H), 0.09 (s, 3H), 0.08 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 110.0, 90.8, 81.1, 79.6, 77.8, 77.4, 71.2, 67.7, 27.9, 26.5, 

26.4, 26.3, 18.3, 18.2, –0.1, –3.7, –3.7, –4.1, –4.4. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C26H53O5Si3 529.3195; Found 529.3196. 

Preparation of alkyne 430 

 
To a stirred solution of alkyne 420 (203 mg, 0.384 mmol) in CH2Cl2 (3 mL) at 0 

°C was added N,N-dimethylaminopyridine (280 mg, 2.29 mmol) followed by methyl 2-

chloro-2-oxoacetate (220 μL, 2.39 mmol) in a dropwise manner. Ice bath was removed, 

and the reaction mixture was warmed to room temperature and stirred for 12 h. The 

reaction mixture was treated with cold saturated aq NaHCO3 solution (5 mL) and 

extracted with EtOAc (20 mL). The aqueous layer was separated and further extracted 

with EtOAc (2 × 20 mL). The combined organic phases were dried over anhydrous 

Na2SO4, filtered, concentrated and the resulting crude product was quickly purified by 

column chromatography (15% Et2O in hexane) to afford the corresponding ester. This 

ester was dissolved in toluene (1 mL) in a microwavable glass tube. To this reaction 

mixture was added 2,2′-Azobis(2-methylpropionitrile) (75 mg, 0.46 mmol) and the N2 

gas was bubbled through the solution for 30 min. In another microwavable glass tube, 

neat n-tributyltin hydride (1.20 mL, 4.46 mmol) was added and the N2 gas was bubbled 

through the solution for 30 min, after which time the reaction mixture was heated at 120 

°C for 10 min. The above crude reaction mixture was added dropwise over 2 min and 

stirred at 120 °C for 2 h, after which time the solution was cooled to room temperature 

over 20 min. The reaction mixture was treated with saturated aq NH4Cl solution (10 mL) 

and extracted with EtOAc (20 mL). The aqueous layer was separated and further 

extracted with EtOAc (2 × 20 mL). The combined organic phases were washed with 

brine (20 mL), dried over anhydrous Na2SO4, filtered, concentrated and the resulting 

crude product was purified by column chromatography (5% Et2O in hexane) to afford 

430 (117 mg, 59% over the two steps) as a colorless viscous liquid which exhibits ~3:1 
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(417:438) diastereomeric ratio, as determined by 1H NMR spectroscopy in CDCl3 at 27 

°C. 

Preparation of alkynes 439 and 440 

 
Potassium carbonate (18 mg, 0.13 mmol) was individually added to a stirred solution of 

alkynes 417 and 438 (44.9 mg, 87.5 μmol) in CH3OH (1 mL) and CH2Cl2 (0.2 mL) and 

stirred for 23 h. The reaction mixture was concentrated under reduced pressure. The 

solid mass thus obtained was treated with saturated aq NH4Cl solution (5 mL) and 

extracted with ethyl acetate (10 mL). The aqueous layer was separated and further 

extracted with EtOAc (2 × 10 mL). The combined organic phases were washed with 

brine (10 mL), dried over anhydrous Na2SO4, filtered, concentrated and the resulting 

crude product was purified by column chromatography (5% Et2O in hexane) to afford 

pseudo D-altro isomer 440 (25.3 mg, 66%) as a colorless viscous liquid and pseudo L-

fuco isomer 439 (9 mg, 23%) as a colorless viscous liquid.  

Data for 439: 

1H NMR (500 MHz, CDCl3) δ 4.30 (m, 1H), 3.98 (m, 1H), 3.61 (m, 1H), 3.51 (m, 1H), 

2.82 (m, 1H), 2.17 (d, J = 2.5 Hz, 1H), 1.97–1.85 (m, 2H), 1.54 (s, 3H), 1.38 (s, 3H), 

0.89 (s, 9H), 0.88 (s, 9H), 0.11 (s, 3H), 0.08 (s, 6H), 0.07 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 109.5, 83.9, 80.4, 77.2, 74.9, 72.7, 69.8, 33.2, 27.6, 27.5, 

26.2, 26.1, 25.8, 18.2, –3.8, –3.9, –4.2, –4.3. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C23H45O4Si2 441.2851; Found 441.2850. 

Data for 440: 

1H NMR (500 MHz, CDCl3) δ 4.10 (dd, J = 8.5, 5.2 Hz, 1H), 4.00 (dd, J = 5.1, 2.7 Hz, 

1H), 3.88 (m, 1H), 3.75 (m, 1H), 3.00 (m, 1H), 2.10 (d, J = 2.5 Hz, 1H), 1.88 (m, 1H), 



189 

1.72 (m, 1H), 1.49 (s, 3H), 1.34 (s, 3H), 0.90 (s, 9H), 0.89 (s, 9H), 0.10 (s, 3H), 0.08 (s, 

6H), 0.07 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 108.9, 86.6, 78.5, 77.5, 72.1, 69.7, 69.1, 32.2, 28.5, 27.1, 

26.2, 25.9, 18.1, –4.5, –4.6, –4.7, –4.8.  

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C23H45O4Si2 441.2851; Found 441.2847. 

Preparation of 5-alkynylcarbafucose 395 

 
To a stirred solution of alkyne 439 (15 mg, 34 μmol) in CH3OH (1 mL) was added 1 M 

HCl (0.4 mL, 0.4 mmol) and stirred for 14 h. The reaction mixture was concentrated 

under reduced pressure and co-evaporated with toluene (3 × 2 mL) and the resulting 

crude product was purified by column chromatography (5% CH3OH in EtOAc) to afford 

395 (4.7 mg, 80%) as a colorless viscous liquid. 

1H NMR (500 MHz, CD3OD) δ 3.93 (m, 1H), 3.49 (m, 1H), 3.35 (m, 1H), 3.25 (dd, J = 

9.6, 3.0 Hz, 1H), 2.55 (m, 1H), 2.37 (d, J = 2.5 Hz, 1H), 1.93–1.83 (m, 2H). 

13C NMR (126 MHz, CD3OD) δ 85.2, 76.0, 75.5, 73.0, 72.9, 70.7, 34.1, 31.8. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C8H12O4 190.1074; Found 190.1074. 

[α]D20 = + 4.8 (c = 0.17) in CH3OH 
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Preparation alcohol 421 

 
To a stirred solution of ketone 423 (141 mg, 0.327 mmol) in THF (2 mL) at 0 °C was 

added trimethyl(trifluoromethyl)silane (2.00 M in THF, 180 μL, 360 μmol) followed by 

tetra-n-butylammonium fluoride (1.0 M in THF, 10 μL, 10 μmol). Ice bath was removed 

and the reaction mixture was warmed to room temperature and stirred for 30 min. The 

reaction mixture was treated with saturated aq NH4Cl solution (5 mL) and extracted with 

EtOAc (20 mL). The organic layer was dried over anhydrous Na2SO4, filtered, 

concentrated and the resulting crude material was dissolved in CH3OH (2 mL). 

Potassium carbonate (50 mg, 0.36 mmol) was added to the above solution and stirred 

for 1 h. The reaction mixture was concentrated under reduced pressure. The solid mass 

thus obtained was treated with saturated aq NH4Cl solution (5 mL) and extracted with 

ethyl acetate (20 mL). The aqueous layer was separated and further extracted with 

EtOAc (2 × 20 mL). The combined organic phases were washed with brine (10 mL), 

dried over anhydrous Na2SO4, filtered, concentrated and the resulting crude product 

was purified by column chromatography (10% Et2O in hexane) to afford 421 (110 mg, 

67%) as a colorless viscous liquid:  

1H NMR (500 MHz, CDCl3) δ 4.3 (d, J = 6.4 Hz, 1H), 4.17–4.11 (m, 2H), 3.92 (m, 1H), 

2.00 (m, 2H), 1.56 (s, 3H), 1.38 (s, 1H), 0.91 (s, 9H), 0.88 (s, 9H), 0.12 (s, 12H). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C22H44F3O5Si2 501.2674; Found 501.2679. 
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Preparation of protected 6,6,6-trifluorocarbafucose 418 and 447 

 
To a stirred solution of alcohol 421 (352 mg, 0.703 mmol) in CH2Cl2 (3 mL) at 0 °C was 

added N,N-dimethylaminopyridine (515 mg, 4.22 mmol) followed by methyl 2-chloro-2-

oxoacetate (0.40 mL, 4.4 mmol) in a dropwise manner. Ice bath was removed, and the 

reaction mixture was warmed to room temperature and stirred for 14 h. The reaction 

mixture was treated with cold saturated aq NaHCO3 solution (5 mL) and extracted with 

EtOAc (30 mL). The aqueous layer was separated and the organic phase was dried 

over anhydrous Na2SO4, filtered, concentrated and the resulting crude product was 

quickly purified by column chromatography (10% Et2O in hexane) to afford the 

corresponding ester along with the hydrolysed ester (starting material). This crude 

material was dissolved in toluene (1 mL) in a microwable glass tube. To this reaction 

mixture was added 2,2′-Azobis(2-methylpropionitrile) (60 mg, 0.37 mmol) and the N2 

gas was bubbled through the solution for 30 min. In an another microwable glass tube, 

neat n-tributyltin hydride (900 μL, 3.35 mmol) was added and the N2 gas was bubbled 

through the solution for 30 min, after which time the reaction mixture was heated at 120 

°C for 10 min. The above crude reaction mixture was added dropwise over 2 min and 

stirred at 120 °C for 2 h, after which time the solution was cooled to room temperature 

over 20 min. The reaction mixture was treated with saturated aq NH4Cl solution (10 mL) 

and extracted with EtOAc (30 mL). The aqueous layer was separated and further 

extracted with EtOAc (2 × 20 mL). The combined organic phases were washed with 

brine (20 mL), dried over anhydrous Na2SO4, filtered, concentrated and the resulting 

crude product was purified by column chromatography (2.5% Et2O in hexane) to afford 

447 (119 mg, 35% over the two steps) as a colorless viscous liquid which exhibits 

~1.2:1 diastereomeric ratio, as determined by 1H NMR spectroscopy in CDCl3 at 27 °C 

along with 418 (65 mg, 18%).  
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Preparation of protected 6,6,6-trifluorocarbafucose 448 and 449 

 
To a stirred solution of 418 and 447 (100 mg, 0.206 mmol) in THF (2 mL) was added 

tetra-n-butylammonium fluoride (1.0 M in THF, 1.0 mL, 1.0 mmol) and stirred for 10 h. 

The reaction mixture was then treated with H2O and extracted with ethyl acetate (20 

mL). The aqueous layer was separated and further extracted with EtOAc (2 × 20 mL). 

The combined organic phases were washed with brine (10 mL), dried over anhydrous 

Na2SO4, filtered, concentrated and the resulting crude product was purified by column 

chromatography (65% EtOAc in hexane) to afford pseudo D-altro isomer 448 (24 mg, 

46%) as a colorless viscous liquid and pseudo L-fuco isomer 449 (80% EtOAc in 

hexane, 20 mg, 38%) as a white solid.  

Data for 448:  

1H NMR (500 MHz, CDCl3) δ 4.35 (t, J = 5.3 Hz, 1H), 4.03 (t, J = 6.8 Hz, 1H), 3.78 (m, 

1H), 3.67 (t, J = 7.7 Hz, 1H), 2.81 (m, 1H), 2.04 (m, 1H), 1.88 (m, 1H), 1.53 (s, 3H), 

1.38 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 126.9, 109.8, 78.6, 75.6, 72.2, 68.0, 40.2, 28.1, 26.2, 

25.9.  

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H16F3O4 257.0995; Found 257.0991. 

[α]D20 = –15.9 (c = 0.07) in CHCl3 

Data for 449:  

1H NMR (500 MHz, CDCl3) δ 4.37 (m, 1H), 3.95 (m, 1H), 3.56 (m, 1H), 3.48 (m, 1H), 

2.54 (m, 1H), 2.06 (m, 1H), 1.85 (m, 1H), 1.55 (s, 3H), 1.38 (s, 3H).  

13C NMR (126 MHz, CDCl3) δ 127.0, 110.9, 80.5, 77.8, 71.5, 70.4, 40.1, 28.4, 26.4, 

25.9. 
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HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H16F3O4 257.0995; Found 257.0997. 

Preparationof 6,6,6-trifluorocarbafucose-5a-β-L-fucopyranose C-5 epimer 450 

 
To a stirred solution of diol 448 (10.1 mg, 39.4 μmol) in CH3OH (0.9 mL) was added 1 

M HCl (0.2 mL, 0.2 mmol) and stirred for 12 h. The reaction mixture was concentrated 

under reduced pressure and co-evaporated with toluene (3 × 2 mL) and the resulting 

crude product was purified by column chromatography (3% CH3OH in EtOAc) to afford 

450 (6.1 mg, 72%) as a colorless viscous liquid:  

1H NMR (500 MHz, CD3OD) δ 4.02 (dd, J = 7.1, 3.1 Hz, 1H), 3.80–3.72 (m, 2H), 3.70 

(m, 1H), 2.72 (m, 1H), 1.99–1.88 (m, 2H). 

13C NMR (126 MHz, CD3OD) δ 129.0, 74.7, 73.4, 70.6, 68.2, 41.8, 27.7. 

19F NMR (377 MHz, CD3OD) δ –68.7. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C7H15F3NO4 234.0948; Found 234.0951. 

[α]D20 = +31.4 (c = 0.23) CH3OH. 

Preparation of 6,6,6-trifluorocarbafucose-5a-β-L-fucopyranose 394 

 
To a stirred solution of diol 449 (7.40 mg, 28.9 μmol) in CH3OH (0.9 mL) was added 1N 

HCl (0.2 mL, 0.2 mmol) and stirred for 12 h. The reaction mixture was concentrated 

under reduced pressure and co-evaporated with toluene (3 × 2 mL) and the resulting 
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crude product was purified by column chromatography (3% CH3OH in EtOAc) to afford 

394 (5.1 mg, 82%) as a colorless viscous liquid:  

1H NMR (500 MHz, CD3OD) δ 4.13 (m, 1H), 3.53 (m, 1H), 3.43 (m, 1H), 3.28 (dd, J = 

9.6, 3.0 Hz, 1H), 2.35 (m, 1H), 1.93–1.82 (m, 2H). 

13C NMR (126 MHz, CD3OD) δ 128.2, 76.1, 75.4, 72.5, 68.8, 42.7, 27.2. 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C7H15F3NO4 234.0948; Found 234.0952. 

[α]D20 = –3.8 (c = 0.21) in CH3OH. 

Preparation of alcohol 422 

 
To a stirred solution of ketone 423 (464 mg, 1.077 mmol) in THF/Et2O (1:1) (17 mL) at -

78 °C was added iodofluoromethane (0.086 M in pentane, 8.37 mL, 0.72 mmol) 

followed by MeLi.LiBr (1:1) (1.6 M in Et2O, 1.34 mL, 2.15 mmol). The reaction mixture is 

stirred 5 min at -78 °C. Next, the reaction mixture was treated with saturated aq NH4Cl 

solution and extracted with Et2O. The organic layer was dried over anhydrous MgSO4, 

filtered, concentrated, and the resulting crude product was purified by column 

chromatography (5% Et2O in hexane) to afford 422 (207 mg, 62%) as a colorless 

viscous liquid. 

1H NMR (400 MHz, CDCl3) δ 4.23 (dd, J = 8.9, 59.9 Hz, 1H), 4.13–4.11 (m, 2H), 4.10 

(dd, J = 8.9, 60.2 Hz, 1H), 4.08 (d, J = 2.6 Hz, 1H), 3.90–3.85 (m, 1H), 2.04 (ddd, J = 

2.1, 4.1, 14.6 Hz, 1H), 1.78 (dd, J = 4.9, 14.6 Hz, 1H), 1.55 (s, 3H), 1.37 (s, 1H), 0.91 

(s, 9H), 0.89 (s, 9H), 0.12 (s, 9H), 0.10 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 109.4, 84.7 (d, J = 174.9 Hz), 78.5, 73.5 (d, J = 3.0 Hz), 

72.4, 71.5, 70.8 (d, J = 18.1 Hz), 33.3 (d, J = 2.5 Hz), 26.3, 26.0, 25.9, 25.5, 18.1 (d, J = 

13.3 Hz), -4.3, -4.4, -4.5, -4.8. 

19F NMR (377 MHz, CDCl3): δ -228.3 (t, J = 12.7, 47.4 Hz). 
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HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C22H45FO5Si2 465.2862; Found 465.2858. 

IR (neat): ν 3468, 2930, 2370, 1255, 1082, 837 cm-1 

[α]D20 = +7.5 (c = 0.96) in CHCl3 

Preparation of 6-fluorocarbafucose 419 and 451 

 
To a stirred solution of alcohol 422 (40 mg, 0.086 mmol) in CH2Cl2 (1.2 mL) at -17 °C 

was added N,N-dimethylaminopyridine (63.2 mg, 0.516 mmol) followed by methyl 2-

chloro-2-oxoacetate (47.5 µL, 0.516 mmol) in a dropwise manner. After 2 h, ice bath 

was removed, and the reaction mixture was warmed to room temperature and stirred 1 

h. The reaction mixture was treated with cold saturated aq NaHCO3 solution and 

extracted with EtOAc. The aqueous layer was separated, and the organic phase was 

dried over anhydrous MgSO4, filtered, concentrated and the resulting crude product 

was quickly purified by column chromatography (33% Et2O in hexane) to afford the 

corresponding ester.  

1H NMR (400 MHz, CDCl3) δ 5.04 (dd, J = 10.3, 48.1 Hz, 1H), 4.58 (dd, J = 10.3, 45.7 

Hz, 1H), 4.50 (d, J = 6.7 Hz, 1H), 3.99 (t, J = 6.5 Hz, 1H), 3.89 (s, 3H), 3.81 (dd, J = 6.7, 

7.9 Hz, 1H), 3.65 (m, 1H), 2.25 (m, 2H), 1.51 (s, 3H), 1.32 (s, 3H), 0.90 (s, 9H), 0.89 (s, 

9H), 0.13 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3H), 0.08 (s, 3H). 

This crude material was dissolved in toluene (1 mL) in a microwable glass tube. To this 

reaction mixture was added 2,2′-Azobis(2-methylpropionitrile) (28.2 mg, 0.172 mmol) 

and the N2 gas was bubbled through the solution for 30 min. In an another microwable 

glass tube, neat n-tributyltin hydride (463 μL, 1.72 mmol) was added and the N2 gas 

was bubbled through the solution for 30 min, after which time the reaction mixture was 

heated at 120 °C. The former crude reaction mixture was added quickly into the latter 

and stirred at 120 °C for 2 h, after which time the solution was cooled to room 

temperature. The reaction mixture was treated with saturated aq NH4Cl solution and 
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extracted with EtOAc. The aqueous layer was separated and further extracted with 

EtOAc. The combined organic phases were washed with brine (20 mL), dried over 

anhydrous MgSO4, filtered, concentrated and the resulting crude product was purified 

by column chromatography (5% Et2O in hexane) to afford 419 and 451 (34 mg, 88% 

over the two steps) as a colorless viscous liquid which exhibits ~2:1 diastereomeric 

ratio in favor of 419, as determined by 1H NMR spectroscopy in CDCl3 at 25 °C. 

1H NMR (400 MHz, CDCl3) δ 4.67–4.26 (m, 2H), 4.24 (m, 0.6H), 4.07–3.94 (m, 1.7H), 

3.81 (m, 0.4H), 3.61–3.48 (m, 1.3H), 2.38–2.13 (m, 1H), 1.81–1.68 (m, 1H), 1.64–1.43 

(m, 1H), 1.50 (s, 2H), 1.47 (s, 1H), 1.36 (s, 1H), 1.35 (s, 2H), 0.93–0.90 (s, 18H), 0.15–

0.07 (s, 12H). 

13C NMR (101 MHz, CDCl3): δ 109.2, 108.5, 85.4 (d, J = 167.5 Hz), 84.6 (d, J = 167.9 

Hz), 81.7, 79.0, 78.4, 77.4, 73.3, 73.2, 71.8, 70.2, 35.9 (d, J = 18.9 Hz), 35.2 (d, J = 

18.6 Hz), 29.6 (d, 4.9 Hz), 29.6 (d, J = 3.1 Hz), 28.6, 28.0, 26.3, 26.2, 25.9, 25.8, 18.4, 

18.3, 18.1, -3.5, -3.7, -4.0, -4.3, -4.6, -4.7, -4.8, -4.8. 

19F NMR (377 MHz, CDCl3): δ -222.7 (dt, J = 12.7, 46.9 Hz), -231.1 (dt, J = 29.9, 48.0 

Hz). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C22H45FO4Si2 449.2913; Found 449.2912. 

IR (neat): ν 3698, 3621, 2929, 2369, 1470, 1245, 829 cm-1 

Preparation of protected 6-fluorocarbafucose 452 and 453 

 
To a stirred solution of acetonide 419 and 451 (129 mg, 0.288 mmol) in THF (3 mL) 

was added tetra-n-butylammonium fluoride (1.0 M in THF, 1.15 mL, 1.15 mmol) and 

stirred for 12 h. The reaction mixture was then treated with saturated aq NH4Cl solution 

and extracted with ethyl acetate. The aqueous layer was separated and further 

extracted with EtOAc. The combined organic phases were washed with brine, dried 
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over anhydrous MgSO4, filtered, concentrated and the resulting crude product was 

purified by column chromatography (20% Acetone in DCM) to afford isomer 452 (21.8 

mg, 38%) as a white solid and isomer 453 (37.0 mg, 46%) as a white solid.  

Data for 453: 

1H NMR (400 MHz, CDCl3) δ  4.59 (ddd, J = 7.6, 8.9, 46.7 Hz, 1H), 4.42 (ddd, J = 6.9, 

8.9, 47.1 Hz, 1H), 4.26 (t, J = 4.3 Hz, 1H), 3.93 (m, 1H), 3.57–3.44 (m, 2H), 2.50 (d, J = 

2.7 Hz, 1H), 2.34 (d, J = 2.4 Hz, 1H), 2.29 (m, 1H), 1.88 (m, 1H), 1.51 (s, 3H), 1.48 (m, 

1H), 1.36 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 109.9, 85.0, 83.4, 80.7, 78.7, 73.7 (d, J = 6.1 Hz), 71.0 

(d, J = 1.5 Hz), 36.3 (d, J = 19.1 Hz), 28.6 (d, J = 5.7 Hz), 28.5, 26.5. 

19F NMR (377 MHz, CDCl3): δ -222.6 (dt, J = 12.8, 46.7 Hz). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H17FO4 221.1184; Found 221.1183. 

IR (neat): ν 3721, 3694, 3624, 3597, 3214, 2369, 1366, 1218 1024 cm-1 

[α]D20 = + 30.7 (c = 1.4) in acetone 

Data for 452: 

1H NMR (500 MHz, CDCl3) δ 4.56 (ddd, J = 4.5, 9.3, 36.7 Hz, 1H), 4.46 (ddd, J = 4.0, 

9.3, 36.0 Hz, 1H), 4.20 (t, J = 5.7 Hz, 1H), 4.00 (t, J = 6.6 Hz, 1H), 3.77–3.55 (m, 2H), 

2.52 (s, 1H), 2.47 (s, 1H), 2.34 (m, 1H), 1.87 (m, 2H), 1.52 (s, 3H), 1.37 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 109.3, 85.6 (d, J = 170.0 Hz), 79.0 (d, J = 1.1 Hz),  76.5, 

74.8 (d, J = 4.8 Hz), 68.8 (d, J = 1.9 Hz), 36.3 (d, J = 18.8 Hz), 29.8 (d, J = 3.1 Hz), 

28.2, 25.9. 

19F NMR (377 MHz, CDCl3): δ -225.0 (dt, J = 31.3, 47.5 Hz). 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H17FO4 221.1184; Found 221.1182. 

IR (neat): ν 3712, 3695, 3677, 3665, 2919, 2852, 1446, 1369, 1004 cm-1 

[α]D20 = + 17.4 (c = 1.1) in acetone 
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Preparation of 6-fluorocarbafucose C5-epimer 454 

 
To a stirred solution of diol 453 (24 mg, 93.7 μmol) in CH3OH (4.8 mL) was added 1 M 

HCl (1.2 mL) and stirred for 2 h. The reaction mixture was concentrated under reduced 

pressure and the resulting crude product was purified by column chromatography (20% 

CH3OH in EtOAc) to afford 454 (15.4 mg, 91%) as a colorless viscous liquid:  

1H NMR (400 MHz, CD3OD) δ 4.50 (dt, J = 8.5, 47.5 Hz, 1H), 4.32 (ddd, J = 6.5, 8.7, 

47.3 Hz, 1H), 3.94 (m, 1H), 3.53 (t, 9.3 Hz, 1H), 3.50–3.39 (m, 1H), 3.29 (dd, J = 3.0, 

9.5 Hz, 1H), 1.92 (m, 1H), 1.64 (dt, J = 4.2, 12.5 Hz, 1H), 1.47 (q, J = 12.4 Hz, 1H), 1.02 

(d, J = 6.7 Hz, 1H). 

13C NMR (151 MHz, CD3OD) δ 83.7 (d, J = 166.7 Hz), 75.2, 74.7, 72.0, 68.5 (d, J = 5.3 

Hz), 37.9 (d, J = 18.6 Hz), 28.0 (d, J = 6.5 Hz). 

19F NMR (377 MHz, CD3OD): δ -225.0 (dt, J = 12.4, 47.4 Hz). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C7H17FNO4 198.1136; Found 198.1139. 

IR (neat): ν 3728, 3694, 2345, 1598, 1044 cm-1 

[α]D20 =  + 2.8 (c = 1.4) in CH3OH 

Preparation of 6-fluorocarbafucose 396 

 
To a stirred solution of diol 452 (18 mg, 70.3 μmol) in CH3OH (4.8 mL) was added 1 M 

HCl (1.2 mL) and stirred for 2 h. The reaction mixture was concentrated under reduced 
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pressure and the resulting crude product was purified by column chromatography (20% 

CH3OH in EtOAc) to afford 396 (12.2 mg, 96%) as a colorless viscous liquid:  

1H NMR (500 MHz, CD3OD) δ 4.59 (ddd, J = 5.2, 9.2, 47.8 Hz, 1H), 4.47 (ddd, J = 4.4, 

9.2, 47.7 Hz, 1H), 3.85–3.78 (m, 2H), 3.75–3.68 (m, 2H), 2.21 (m, 1H), 1.87–1.83 (m, 

2H). 

13C NMR (151 MHz, CD3OD) δ 85.9 (d, J = 167 Hz), 74.8, 73.9, 71.4, 69.7 (d, J = 3.8 

Hz), 37.8 (d, J = 17.9 Hz), 30.5 (d, J = 3.5 Hz). 

19F NMR (377 MHz, CD3OD): δ -229.0 (br s). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C7H17FNO4 198.1136; Found 198.1141. 

IR (neat): ν  3731, 3691, 2346, 1645, 1064 cm-1 

[α]D20 = + 5.8 (c = 0.3) in CH3OH 

Preparation of peracetylated 6-fluorocarbafucose 455 

 
To a stirred solution of tetrol 396 (3 mg, 16.7 μmol) in pyridine (0.6 mL) was added 

Ac2O (0.02 mL, 0.2 mmol) and stirred for 12 h at 50 °C. The reaction mixture was 

concentrated under reduced pressure and co-evaporated with toluene and the resulting 

crude product was purified by column chromatography (30% EtOAc in hexanes) to 

afford 455 (5.2 mg, 89%) as a colorless viscous liquid:  

1H NMR (400 MHz, CDCl3) δ 5.32–5.25 (m, 2H), 5.18 (d, J = 3.3, 7.5 Hz, 1H), 5.08–

5.02 (m, 1H), 4.56 (ddd, J = 4.4, 9.7, 47.5 Hz, 1H), 4.49 (ddd, J = 4.4, 9.7, 47.1 Hz, 1H), 

2.37 (m, 1H), 2.09 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.05–2.01 (m, 2H). 

13C NMR (151 MHz, CDCl3) δ 170.0, 170.0, 169.9, 169.7, 84.0 (d, J = 171.2 Hz), 70.2, 

69.6 (d, J = 3.1 Hz), 69.5 (d, J = 2.5 Hz), 69.4 (d, J = 1.8 Hz), 35.9 (d, J = 19.5 Hz), 27.6 

(d, J = 3.1 Hz, 21.1, 21.0, 20.9, 20.8. 
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19F NMR (377 MHz, CDCl3): δ -223.9 (br s). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C15H25FNO8 366.1559; Found 366.1557. 

IR (neat): ν 2919, 2849, 1748, 1369, 1218, 1040 cm-1 

[α]D20 = + 12.6 (c = 0.6) in CHCl3 

Preparation of alkene 456 

 
A flame-dried 50-mL flask equipped with a magnetic stirring bar, an argon inlet, and a 

septum was charged with vinyl bromide 424 (199 mg, 0.403 mmol) and THF (3 mL). 

The mixture was cooled to –55 °C using dry-ice and acetone bath, then tert-butyllithium 

(1.55 M in pentane, 410 μL, 0.636 mmol) was added dropwise. The reaction mixture 

was stirred at –55 °C for 30 min, then methyl iodide (0.10 mL, 1.6 mmol) was added 

dropwise. The dry-ice and acetone bath was removed and the reaction mixture was 

slowly warmed up to room temperature and stirred for 2 h. The reaction mixture was 

treated with saturated aq NH4Cl solution (10 mL) and extracted with Et2O (30 mL). The 

aqueous layer was separated and further extracted with Et2O (2 × 20 mL). The 

combined organic phases were washed with brine (20 mL), dried over anhydrous 

Na2SO4, filtered, concentrated and the resulting crude product was purified by column 

chromatography (2% Et2O in hexane) to afford 456 (104 mg, 60% over the two steps) 

as a colorless viscuous liquid:  

1H NMR (500 MHz, CDCl3) δ 5.36 (m, 1H), 4.42 (d, J = 7.0 Hz, 1H), 4.02 (m, 1H), 3.99 

(m, 1H), 3.56 (m, 1H), 1.80 (s, 3 H), 1.45 (s, 3 H), 1.35 (s, 3H), 0.91 (s, 9H), 0.90 (s, 

9H), 0.13 (s, 3H), 0.09 (s, 6H), 0.08 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 131.6, 129.0, 109.5, 78.8, 76.1, 75.8, 71.7, 28.0, 26.3, 

26.2, 25.8, 19.9, 18.4, 18.3, –3.5, –3.7, –3.9, –4.4. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C22H45O4Si2 429.2851; Found 429.2850. 
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Preparation of alkene 458 

 
To a stirred solution of acetonide 456 (119.5 mg, 0.2787 mmol) in THF (2 mL) was 

added tetra-n-butylammonium fluoride (1.0 M in THF, 1.4 mL, 1.4 mmol) and stirred for 

10 h. The reaction mixture was then treated with H2O and extracted with ethyl acetate 

(20 mL). The aqueous layer was separated and further extracted with EtOAc (2 × 20 

mL). The combined organic phases were washed with brine (10 mL), dried over 

anhydrous Na2SO4, filtered, concentrated and the resulting crude product was purified 

by column chromatography (95% EtOAc in hexane) to afford 458 (50 mg, 90%) as a 

colorless viscous liquid:  

1H NMR (500 MHz, CDCl3) δ 5.50 (s, 1H), 4.42 (d, J = 6.5 Hz, 1H), 4.07 (dd, J = 8.9, 

6.6 Hz, 1H), 4.03 (m, 1H), 3.52 (t, J = 8.5 Hz, 1H), 1.82 (s, 3H), 1.48 (s, 3H), 1.37 (s, 

3H). 

13C NMR (126 MHz, CDCl3) δ 131.9, 128.0, 110.3, 77.7, 76.1, 75.4, 70.5, 28.3, 25.9, 

20.1. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C10H17O4 201.1121; Found 201.1121. 

Preparation of protected carbafucose 459 and 460 

 
A solution of diol 458 (216 mg, 1.08 mmol) in CH3OH (6 mL) was stirred under an argon 

balloon. To this solution was added potassium carbonate (15 mg, 0.11 mmol) followed 

by PtO2 (26 wt%, 56 mg, 0.25 mmol) under an argon atmosphere. The argon balloon 

was replaced with a H2 balloon (1 atm) and the solution was flushed with H2 for 10 sec. 
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The reaction mixture was stirred under H2 balloon for 24 h and then the H2 balloon was 

replaced with argon balloon and flushed with argon for 1 min. The reaction mixture was 

diluted with CH3OH (30 mL) and filtered over a pad of Celite-545. The filtrate was 

concentrated, and the resulting crude product was purified by column chromatography 

(95% EtOAc in hexane) to afford 459 (126 mg, 58%) as a colorless viscuous liquid 

along with D-altro isomer 460 (26 mg, 12%).  

Data for 459:  

1H NMR (500 MHz, CDCl3) δ 4.07 (m, 1H), 3.86 (m, 1H), 3.48 (m, 1H), 3.44 (m, 1H), 

1.92 (m, 1H), 1.80–1.69 (m, 2H), 1.51 (s, 3H), 1.35 (s, 3H), 1.12 (d, J = 6.9 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 109.2, 81.0, 78.6, 78.3, 71.4, 34.5, 30.0, 28.6, 26.5, 17.4.  

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C10H22NO4 203.1278; Found 203.1275. 

[α]D20 = –64.0 (c = 0.60) in CHCl3 

Preparation of carbafucose 377 

 
To a stirred solution of diol 459 (62.0 mg, 0.307 mmol) in CH3OH (8.3 mL) was added 1 

M HCl (1.7 mL, 1.7 mmol) and stirred for 12 h. The reaction mixture was concentrated 

under reduced pressure and co-evaporated with toluene (3 × 3 mL) and the resulting 

crude product was purified by column chromatography (5% CH3OH in EtOAc) to afford 

377 (42 mg, 85%) as a white solid. 

1H NMR (600 MHz, CD3OD) δ 3.68 (brs, 1H), 3.48–3.45 (m, 1H), 3.39–3.35 (m, 1H), 

3.27 (dd, J = 9.6, 3.0 Hz, 1H), 1.65–1.60 (m, 1H), 1.57–1.48 (m, 2H), 1.02 (d, J = 6.8 

Hz, 3H). 

13C NMR (151 MHz, CD3OD): δ 76.5, 76.4, 74.9, 73.8, 35.8, 33.1, 17.8. 

IR (neat): ν 3368, 2958, 2928, 2857, 1731, 1668, 1462, 1261, 1067, 1022, 799 cm-1  
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HRMS (ESI-TOF) m/z: [M + Na]+ Calcd for C7H14NaO4 185.0784; Found 185.0784.  

[α]D20 = +22.3 (c = 0.05) in CH3OH 

Preparation of peracetylated carbafucose 461 

 
To a stirred solution of diol 377 (6 mg, 29 μmol) in CH3OH (1 mL) was added 1 M HCl 

(0.2 mL, 0.4 mmol) and stirred for 12 h. The reaction mixture was concentrated under 

reduced pressure and co-evaporated with toluene (3 × 2 mL) and the resulting crude 

product was dissolved in pyridine (1 mL). Ac2O (0.10 mL, 1.1 μmol) was added and 

heated at 50 °C for 12 h. The reaction mixture was concentrated under reduced 

pressure and co-evaporated with toluene (3 × 2 mL) and the resulting crude product 

was purified by column chromatography (20% EtOAc in hexane) to afford 461 (7.8 mg, 

80% over the two steps) as a white solid:  

1H NMR (500 MHz, CDCl3) δ 5.36 (t, J = 10.1 Hz, 1H), 5.31 (m, 1H), 4.92–4.86 (m, 2H), 

2.14 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 1.97 (s, 3H), 1.92 (m, 1H), 1.89 (m, 1H), 1.64 

(m, 1H). 

HRMS (ESI-TOF) m/z: [M + NH4]+ Calcd for C15H26NO8 348.1653; Found 348.1650. 

[α]D20 = –10.4 (c  = 0.26) in CHCl3 
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Appendix.   
 
Former Member’s Contributions 

Chapter 2: 

Regarding eleutherobin’s total synthesis, I first worked in collaboration with Dr. 

Weiwu Ren in several early synthetic strategies. More specifically, Dr. Ren and I have 

been working on the ring expansion strategy (oxidative dearomatization and Birch 

alkylation strategies). He also worked on the early stage of the step-by-step approach 

for macrocyclization (Scheme 2.38). His contributions were numerous such as several 

scale-up of key intermediates (65, 121, 139, and 189), as well as attempts in performing 

some reactions (Scheme 2.40, Scheme 2.45, Table 2.8). 

Chapter 3: 

Regarding the synthesis of fucosyltransferase inhibitors, I worked in 

collaboration with Dr. Narasimha Thota. More specifically, Dr. Thota improved the 

synthesis of ketone 423 from 10% to 78% yield. Furthermore, Dr. Thota also helped in 

scaling up some of the desired targets such as carbafucose 377, and carbafucose 

analogs 394 and 395. Dr. Thota also worked on the synthesis of several carbafucose 

phosphate analogs that were not described within this thesis.  




